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THEME 


Superplasticity  has  been  transmitted  from  a  metallurgical  curiosity  to  an  important  production  process,  particularly  for 
low-to-medium  production  runs  of  components  for  the  aerospace  industry. 

The  whole  spectrum  of  superplasticity  was  originally  covered  in  Lecture  Series  1 54  in  the  autumn  of  1987,  but  such  are 
the  rapid  advances  in  this  technology,  that  the  series  will  be  re-presented,  with  the  same  speakers  updating  their  lectures  to 
give  those  attending  the  latest  information  on  this  most  relevant  technology  and  its  impact  upon  the  manufacture  methods 
employed  for  components  for  aerospace  applications. 

This  Lecture  Series,  sponsored  by  the  AGARD  Structures  and  Materials  Panel,  has  been  implemented  by  the 
Consultant  and  Exchange  Programme. 


La  superplasticite.  qui  ne  fut  a  I'orgine  qu'une  curiosite  en  metallurgie.  est  aujourdhui  un  procede  dc  fabrication 
important,  qui  trouve  des  applications  dans  I'industrie  aerospatiale  en  particulier.  pour  des  petites  et  moyennes  scries  dc 
production  de  composants. 

Le  sujet  de  la  superplasticite  a  ete  traite  de  fayon  tres  complete  lors  du  Cycle  de  conferences  No.l  54  organise  en 
automne  1987.  mais  il  s'agit  d'une  technologic  en  plein  essor.  et  les  progres  realises  dans  ce  domaine  sont  tels  qu'il  a  etc 
decide  de  representer  ces  Cycle  de  conferences.  Ainsi,  les  conferenciets  du  Cycle  de  Conferences  No  1 54  ont  mis  a  jour 
leurs  presentations  de  fayon  a  y  inclure  les  toutes  demieres  informations  sur  cette  technologic  interessante  et  son  impact  sur 
les  methodes  mises  en  oeuvre  pour  la  fabrication  de  composants  en  vue  duplications  aerospatiales. 

Ce  Cycle  de  Conferences  est  presente  dans  le  cadre  du  programme  des  consultants  et  des  echanges.  sous  legide  du 
Panel  AGARD  des  Structures  et  Materiaux. 
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Introduction 


Certain  alloys,  when  deformed  in  tension  at  particular  tanperatia^e  and  strain  rates,  show  very 
high  elongations.  This  phenomenon  is  termed  s^perplast Lcity.  Importantly,  the  flow  stresses  at  which 
this  phenomenon  occurs  are  extremely  low. 

There  are  two  types  of  superplasticity, 

1.  Isothermal  superplasticity  (ISP) 

2.  Cycling  superplasticity  (CSP) 

and  cnly  the  former  will  be  dealt  with  in  this  paper. 

For  ISP,  the  alloy  must  possess  an  ultra-fine  grain  size  which  is  relatively  stable  at  ^0.91^, 
where  Tm  is  the  melting  point  of  the  lowest-melting  constituent  in  the  alloy.  In  absolute  units,  while 
for  CSP  the  alloy  must  be  capable  of  being  cycled  through  a  phase  change. 

The  term  'superplasticity'  is  a  translation  from  the  Russian  and  became  the  universal  term  for  the 
phenomenon  in  the  1960's,  though  it  had  been  seen  in  deformation  experiments  as  early  as  1920. 

Stable  and  instable  tensile  flow 


In  ductile  metals  and  alloys,  tested  at  <0.4  Tffl,  vrfwre  plastic  deformation  occurs  through  disloc¬ 
ation  glide  and  interaction,  a  typical  load-extension  curve  is  of  the  form  shown  in  Figure  1.  After  load 
instability  (P^^)  the  curve  falls,  due  to  diffuse  necking,  so-called  because  Initiation  is  diffuse  and 

propagation  takes  place  ewer  a  relatively  large  area;  in  sheet  metal  the  length  of  the  neck  is  about 
equal  to  the  specimen  width.  After  the  diffuse  neck  has  developed  to  a  certain  stage  -  again  in  sheet 
metal  -  a  local  neck  occurs.  Here  the  test  piece  thins  in  a  narrow  band,  at  some  angle  to  the  applied 
tension  and  failure  rapidly  follows,  as  the  volune  of  metal  now  deforming  is  mall. 

Tocal  necking  contributes  virtually  nothing  to  the  total  elongation  of  the  specimen;  for  example, 
autobody  steel  sheet,  shoving  50%  total  elongation  (50m  gauge- length)  would  divide  Into  uniform 
elongation  #>»34%f  diffuse  elongation  rv  15%,  necking  contribution **l%.  If  a  stress  (<H  strain  (6)  curve 
is  derived  from  the  load-extension  curve  of  Figure. 1,  as  shown  in  Figure  2,  it  is  seen  that  from  aero 
strain  to  fracture  strain  hardening  is  occurring;  the  relationship  between  stress  and  strain  is 
non-linear  up  to  and  linear  there  from  to  fracture.  The  non-linear  relationship  can  be  quite  well 
described  by: 

<r  -  k  *  a  constant 

n  *  strain  hardening  exponent 

•  • 

Load  instability  (dP  *  o)  occurs  when  dr  and  at  this  point  6  i  n,  where  £  is  the  limit  of  uniform 

ar 

true  strain.  In  most  metals  n<0. 5  and  this  limits  uniform  elongation  to~60%. 

The  question  now  is  what  happens  when  the  temperature  is  raised  and  thermally-activated  processes 
are  allowed  to  Intrude?  These  processes  involve  time  and  so  strain-rate  must  semehow  be  incorporated 
into  the  relationship. 

Me  may  write: 

<T  *  krt.®  %  *  strain-rate 

9  *  strain-rate  hardening  exponeit 

Uhder  strain-hardening  conditions, <0.4T,  m  -  0  ♦  0.03  and  so  the  earlier  relationship  is  still  valid 

ro 

and  if  it  is  assured  that  we  are  wjrking  at  temperatures  and  strain  rates  such  that  strain  hardening  does 
not  occur,  l.e. ,  the  Mobile  dislocation  density  r mains  about  constant  then  n  -  o  and 

<r  «  i ci" 

Uhder  these  so-called  hot  sorting  conditions,  a-0.2.  It  should  be  further  he  noted  that  for  a  «  0.2, 
increasing  the  strain-rate  by  a  factor  of  10  will  raise  the  flow  stress  by  -*16%. 
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Values  of  m  can  be  calculated  fron: 


log  (PA/PQ) 
log  (VyV2) 

These  parameters  are  defined  in  Figure  3.  It  is  clear  from  the  foregoing  that  rg  is  temperature- 
dependent.  Figure  3  shows  the  change  in  slope  at  "-0.4  Tm  Cor  m,  for  a  range  of  metals. 

A  load-extension  curve  for  hot-working  is  shown  in  Figure  4.  Compare  this  with  Figure  1.  What  is  clear 
is  that  the  contribution  of  diffuse  necking  is  now  the  major  one  to  the  total  elongation. 

In  the  case  of  pure  aluminium,  tested  at  400*C  and  a  strain  rate  of  1  x  10  ^  sec  the  total  elongation 
of  60%  oonprises  55%  from  diffuse  necking. 


Why  is  this?  If: 

cr  «  kem 

and  P 

A 

then  P  «  k2" 

A 

as  £«  l.dl  -  l.dA 
T  eft  A  <Jt 

So,  the  shrinkage  rate,  -  dA 
3t 

Ilf'  r?kr 

m 


P  «  load 

A  *  cross  sectional  area 
1  *  gauge  length 


Thus  the  shrinkage  rate  is  inversely  proportional  to  the  cross  section  -  and  highly  sensitive  to  ra. 
Thus,  increasing  m  adds  stability  to  the  diffuse  neck,  and  increases  the  diffuse  elongation,  as 
increasing  n  increases  uniform  elongation.  The  effect  of  m  is  illustrated  in  Figure  5,  which  shows  that, 
as  m  approaches  unity,  the  reduction  rate  at  all  cross-sections  approaches  a  cannon  level,  and,  at  m  -  l 
-dA  is  independent  of  A,  so,  an  irregular  test  piece  would  maintain  its  irregularities  during 
cJt 

deformation.  There  would  thus  be  no  local  strain  concentrations  and  large  elongations  would  result; 
this  behaviour  is  well  known  in  hot  polyners,  glass  and  pitch. 

Thus,  superplastic  alloys,  acme  of  which  can  exhibit  total  elongations  >2000%,  also  have  high 
m-values,  typically ^0.6,  which,  in  the  correct  temperature  and  strain  rate  regime,  prodigiously  extend 
the  metal’s  capability  for  diffuse  necking. 

History 

The  first  reference  to  a  stress-strain-rate  relationship  seems  to  be  that  of  Rosenhain  et  al  in 
1920  (1).  He  was  studying  the  mechanical  properties  of  a  whole  range  of  Zn/Xl/Cu  alloys  and  one  of  them 
(later  identified  as  a  eutectic)  possessed  unusual  mechanical  properties,  exemplified  by  the  following 
Table  - 


Effect  of  loading  TIME  on  mechanical  properties 


Time  of  loading 

Tensile  strength 

Tt>tal  elcnqation 

(sees) 

tons  in  * 

% 

3.5 

62 

9 

12.5 

32.3 

9 

72 

27.0 

42 

92 

23.9 

22 

2700 

16.3 

52 

Roeenhain,  who  was  very  taken  with  the  then-current  so-called  amorphous  theory,  interpreted  these 
results  as  showing  that  heavily-worked  metals  contained  a  large  amount  of  amorphous  materials,  vrfiich 
dominated  their  sutoequent  deformation  behaviour  and  this  view  led  him  into  fierce  argument  with  other 
metallurgists  of  the  time.  This  paper  contains  a  photomicrograph  (Fig. 6)  showing  the  extremely  fine 
structure  of  this  alloy  and  later,  Jeffries  t  Archer  (2)  attributed  this  deformation  behaviour  to  fine 
grain-size.  Jenkins  (3)  observed  large  elongations  in  R>-Sn  at  very  low  strain-rates  and  remarked  that 
deformation  could  stop  In  one  diffuse  neck,  whilst  another  would  develop  elsewhere,  other  papers  of  the 
period  by  Hargreaves  and  Hills  (4)  observed  the  time-dependence  of  Brinell  hardness  in  certain  alloys  of 
this  type. 

1934  saw  the  now-fanous  paper  by  Pearson ,  who  studied  tin-lead  and  bismuth-tin  eutectics,  achieved 
a  tensile  elongation  of  1950%  and  the  well-known  illustration,  Fig. 7.  PaAoanabhan  and  Davies  (5)  have 
pointed  out  that  grain  boundary  sliding  was  shorn  in  Pearson's  photomicrographs  (Pig. 8);  in  fact  he 
concluded  that  flow  at  grain  boundaries  was  all- important. 
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Finally,  in  this  era.  Cook  (6)  showed  that,  changing  to  modem  symbolism, 

<r  =  <r„  +  kk  * 

could  represent  this  deformation  behaviour. 

The  next  stage  was  a  reawakening  of  interest  in  2n-Al  alloys  in  1945  by  the  Russians.  They  showed 
particularly  the  importance  of  composition  to  large  elongations  {Fig. 9)  and  came  up  with  sane  strange 
theories  of  superplasticity  (as  new  termed)  which  seemed  unacceptable  in  the  West.  Another  lull,  until 
arotrvd  1960,  when,  again  in  Russia,  Presnyakov  and  his  team  identified  many  new  superplastic  systems  and 
put  forward  new  ideas  on  the  mechanisms  of  deformation  -  again  all  in  acceptable! 

The  culmination  was  a  review  paper  by  Underwood  (7)  in  1962,  which  triggered  off  research  activity 
which  is  stilll  going  cn  today,  but  first  of  all  generated  the  ncw-classic  paper  of  Backofen,  Turner  and 
Avery  in  1964  (8),  which  was  concerned  with  superplasticity  in  the  Zn-Al  eutectoid,  and  described  the 
phenomenology  in  terms  of  O'  =  Ice  »  and  laid  down  the  central  role  of  m.  It  also  showed  (Fig. 10)  that 
these  large,  quasi-stable  tensile  elongations  could  produce  remarkable  (for  metals)  shapes  in  biaxial 
tension. 

The  question  now  being  asked  was  -  what  was  the  metallurgical  mechanism  which  was  operating  during 
superplasticity?  The  answer  to  this  question  had  to  satisfy  the  wealth  of  experimental  results  shown 
diagranmatically  in  (Fig. 11),  i.e.,  the  relationships  between: 

stress  and  strain 
stress  and  strain-rate 
m  and  strain-rate 

stress,  strain-rate  and  temperature 
—  max  an^  t<3npetature 

grain-size  and  m 

and  also  the  metal lographic  evidence  - 

Very  little  grain  growth  (often  found) 

Curvature  of  phase  boundaries  (in  eutectics/eutectoids) 

Destruction  of  directionality 
Grain  boundary  sliding 
Grain  rotation 

Low  dislocation  density  after  deformation 
Textural  changes 

The  ansvrer  to  this  large  question  is  addressed  in  another  section  of  this  paper. 

Relationship  of  m  to  total  elongation 

If  homogeneous  superplastic  deformation  is  assuned,  and  that  material  obeys 

<r  =  k«!” 

and  that  P  =  <T  A 
d- 

then  dA  =  -/p  V*  1 

3t  '  A"U-m! 

m 

This  has  been  shewn  earlier.  If  this  last  equation  is  now  integrated  send  certain  other  assumptions  made, 
the  total  elongation  for  a  rate-sensitive  material  can  be  found  from  the  relationship  obtained :- 

Tbtal  elongation  *  eQ  +  100  (  £  1  -  of  ** ]-m  -1  ) 

If  e  is  taken  to  be  40%  (typical  rate- insensitive  figure) ,  Figure  12  can  be  dravn  and  compared  with  the 
experimental  results  of  Woodford  (9).  Depending  cn  the  width  of  the  window,  this  theoretical 
relationship  can  be  seen  as  satisfactory  or  not,  but  at  least  it  emphasises  the  strong  m  -  dependence  of 
total  elongation.  Woodford's  results  show  a  wide  scatter,  particularly  high  m  and  low  total  elongation. 
This  is,  in  the  main,  due  to  cavitation. 

Cavitation 


Host  of  the  early  work  on  superplasticity  was  carried  out  on  zinc-based  alloys  and  on 
zinc-aluninium  eutectoid  in  particular.  This  particular  alloy  was  very  resistant  to  cavitation,  if 
deformed  under  optimum  temperature  and  strain  rate  conditions  (0.77T  ar*3  10~  sec-1 ) ,  cavities  can  only 
be  found  in  the  fracture  region  after  ^1000%  tensile  elongation.  m 

Unfortunately,  most  of  the  alloys  based  on  higher-melting-point  metals,  developed  for  commercial 
applications,  are  prone  to  cavitation,  with  the  exception  of  Ti/6  A1/4V. 

The  initiation  of  cavities  must  result  from  the  " incompatibility"  of  the  phases  present  in  the 
mic restructure,  the  presence  of  hard  particles,  which  do  not  deform  with  the  body  of  the  material,  (cf. 

Cu  Al-  in  Al-rich  solid  solution)  or,  in  a  50:50  by  volume  alloy,  two  phases  of  widely  differing  harness 
(flow  stress)  at  the  super  plastic  temperature. 


Crain  or  phase  size  and  stability  will  also  play  a  part.  Taking  a  staple,  rigid,  two-dimensional , 
regular-grain-size  model,  with  deformation  occurring  by  grain  sliding/rotatian,  a  small  grain  size  will, 
clearly,  for  a  given  elongation,  result  in  a  larger  number  of  smaller  cavities  than  a  large  grain  size 
Figure  13.  Thus,  if  the  accomodation  process  (processes)  for  flow  is  diffusion  (self*,  grain-boundary-, 
pipe-)  then  the  soaller  the  cavity  the  more  easily  it  is  dealt  with. 

In  a  n outer  of  superplastic  alloys,  grain  growth  occiars  during  deformation  and  so  the  cavitation 
problem  will  be  accentuated  by  grain  growth,  due  to  time  at  temperature.  Figures  14  and  15  show  plots  of 
hardness  vs.  tenperature  for  the«  and  (A  phases  in  zinc-aluminium  eutectoid  and  60Cu/40Zn  brass,  these 
two  alloys  representing  non-cavitation  and  cavitation  behaviour  respectively.  At  *  0.76T  for  2n-Al , 

m 

the  ^/jihartk-jess  ratio  is  1.2,  while  for  Cu-Zn  sp  .  It  should  be  noted  that,  at  *0.45^  the 

hartiiess  of  the  and  p  phases  in  Cu-Zn  are  the  same  and  so,  if  superplastic  flow  took  place  at  this 
temperature,  cavitation  (frcra  this  cause)  would  not  occur.  Uh fortunately,  the  required  strain-rate  would 
be  so  slow  that  massive  grain  growth  would  occur  brass  is  prone  to  easy  grain-growth)  and  so 
signific*\t  elongations  would  not  be  achieved. 

The  general  recipe  is  thus  very  snail,  stable  grains/phases  with  similar  mechanical  properties. 
Exceptions  to  this  are  the  superplastic  ultra-high-carbon  steels  developed  by  Sherby  and  his  co-workers 
(10),  which  exhibit  microstructures  of  very-finely-dispersed  cement ite  in  ferrite. 

The  harthess  of  ferrite  at  700 °C  is *v  16  Hv  while  that  of  cement ite  is  *90Hv  (~  5.5x)  but  cavitation 
is  not  observed.  This  must  be  due  to  the  extremely  stable,  fine  phase-sizes  achieved  -  0.1  -  0.2  m  - 
which  can  allow  satisfactory  acconmodation ,  by  short  diffusion  paths.  Incidentally,  work  on  certain 
alloy  steels  at  Cranfield  (D5  and  H13)  shew  superplasticity  in  D5  with  a  mainly  ferrite/cementite 
microstructure)  but  no  superplasticity  in  H13,  a  more  highly-alloyed  steel  with  chromium  and  vanadiun 
carbides  present.  These  latter  do  not  soften  at  700  T ,  having  a  hardness  of *700  Hv  at  this  temperature, 
and  this  leads  to  extensive  early  cavitation  and  rapid  fracture. 

Cavitation  is,  of  course,  deleterious  to  so-called  service  properties  -  strength 

ductility 

fracture  toughness 

impact  strength 

creep 

fatigue 

corrosion 

all  these  are  reduced  by  presence  of  cavities. 

Figure  16  shows  sane  34  curves  for  superplastically  deformed  Al/CU/Zr  showing  clearly  the  effect  of 
increasing  superplastic  strain.  ( increasing  volume  fraction  of  cavities)  on  life. 

Fortunately,  cavitation  can  be  avoided  or  removed.  If,  instead  of  forming  a  sheet  at  ambient 
pressure,  it  is  formed  against  a  back-pressure  of  about  half  its  flow  stress,  cavitation  will  be 
prevented.  (Fig.  17). 

Alternatively,  if  cavitated  parts  are  subsequently  subjected  to  appropriate  hot  isoetatic  pressure 
(HIPping),  see  Figure  18,  then  cavities  are  closed  and  satisfactory  material  properties  are  usually 
obtained. 

Production  and  maintenance  of  ultrafine  grains 

Producing  a  fine  grain-size  in  a  pure  metal  by,  for  instance,  heavy  cold  «0.3Tro)  rolling  is  not  too 
difficult,  but  maintaining  this  grain  size  at  fcO.57^  is,  for  recrystallisaticn  with  grain  growth  will 

occur  very  rapidly  and  thus  very  rapid  deformation  would  be  necessary,  which  seems  to  run  contrary  to  the 
rules  of  superplasticity.  Floreen  (11)  conducted  an  experiment  on  pure  nickel,  however,  in  which  a 
heavily  cold-rolled  sample  was  raised  to  about  800^C  at  300 °C  per  second  and  pulled  on  uniaxial  tension 
at  2500  ran  per  minute.  This  yielded  2251  elongation  and  an  m-value  of  0.38,  The  heavily  eold-verked 
microetructure  recrystallised  to  a  grain-size  of  80u.ro  in  10  seconds  at  820°C.  This  phenomenon  has  been 
termed  '  tenporary  superplasticity  * . 

Naziri  and  Pearce  rolled  ocnmercial-purlty  zinc  at  roan  temperature  (0.43T  )  (12)  to  a  thickness 
reduction  of  90%  and  transformed  the  original  ~1 20  jura  grain  size  to  a  stable  1-2  JAm  one;  the  stability 
was  attributed  to  the  impurities ,  notably  lead,  which  appeared  to  lie  in  grain  boundaries  and  pin  them. 
Elongations  of  ~200%  at  10“*  sec  1  at  0.43T  were  achieved.  Subsequently,  a  &i/0.4%  A1  alloy,  was 

similarly  processed  and  gave  m  ■  0.4  -  0.5  and  an  elongation  of  **  500%  at  7  x  10  sec  at  0.43Tm. 

It  is  interesting  to  note  that  a  zinc- tungsten  alloy,  essentially  a  dispersion  of  ~d%  of  insoluble 
tungsten  in  zinc  was  not  superplastic,  even  though  the  grain  size  of  the  zinc  was  aaall.  This  has  been 
confirmed  with  other  systems  containing  incompatible  nen -deforming  particles. 

h\  easy  way,  however,  to  produce  a  very  fine  phase-size  is  to  cast  an  alloy  of  eutectic  or 
eutectoid  composition  and  then  hot-work  it  (hot  roll  to  80%  reduction)  severely  to  break  up  and  mix  the 
two  phases.  This  has  been  used  in  many  instances  and  phase  size  stability  is  almost  always  adequately 
maintained  at  the  superplastic  temperature. 


1-5 


2n-Ai  eutectoid  is  a  special  case,  where  soaking  at  375  °C  for  4  hours,  followed  by  quenching  in 
iced  water  and  removing  after  8  minutes, triggers  a  solid-state  transformation,  which  produces  a  fine 
(0.5  jam  grains)*^,  50/50 -by -volume  microstructure,  highly  superplastic  at  temperatures  below  278°C 
(invariant)  and  with  great  grain  stability.  Static  annealing  of  this  alloy  for  25  days  at  250°C  increases 
the  grain  size  only  to  4  >*.m,  (NB,  it  is,  of  course,  also,  possible  to  produce  fine-grain  Zn-Al  eutectoid 
by  a  thermcmechanical  processing  route) . 

'Ihermcmechanical  processing  can  also  be  used  to  refine  alloys  with  a  high  percentage  of  second-phase 
which  are  not  eutectics/eutectoids.  Cu60-Zn40  (*/&  brass)  and  Ti/6Al/4V,  both  with  ~  50/50  by  volune 
microstructures  are  of  these.  However,  the  copper-zinc  alloy  grain  coarsens  very  rapidly  -  3  ptm 
increasing  to  10  in  30  minutes  -  and  also  cavitates  severely.  Thus  it  is  difficult  to  produce  very 
fine  grains,  impossible  to  retain  them  and  large  elongations  are  not  possible  due  to  cavitation,  even  if 
the  other  problems  were  resolvable. 

Ch  the  other  hand,  Ti-Al-V  highly  superplastic  at  ~950°C  does  not  seriously  grain-ooarsen  nor 
cavitate  and  is  the  current  superplastic  mainstay  of  the  aerospace  industry. 

The  other  most  widely-used  alloys  in  this  industry  are  aluminium-based  (13).  The  first  was 
Al-6Cu-0. 5Zr ,  specially  developed  for  superplasticity,  with  the  limitations  of  the  earlier  superplastic 
Al  alloys  in  mind.  One  rule-of-thunb  is  that  the  successful  addition  of  zirconiun  to  aluniniim  refines 
the  grains.  Additionally,  the  addition  of  an  alloying  element  such  as  copper,  will  lower  the 
stacking- fault  energy  and  promote  recrystallisation,  whilst  raising  the  recrystallisation  temperature. 
This  earner cial  alloy  is  available  only  in  sheet  form,  and  supplied  in  a  very  hard  temper ,  heavily  cold 
rolled.  Optical  microscopy  cannot  reveal  any  microstructure  in  this  original  state. 

After  annealing  for  about  40  minutes  at  450 °C  an  equiaxed  ~3  fxm  grain  size  is  revealed  and 
elongations  of  500  -1200%  are  available  at  strain  rates  about  an  order  of  magnitude  slower  than  Zn-Al 
eutectoid.  Grain  growth  occurs  steadily  but  not  too  rapidly  during  deformation,  with  the  original  fine 
grain-size  being  due  to  the  presence  of  a  very  fine  precipitate  of  ZrAl^,  which  inhibits  grain-boundary 

migration  and  also  the  presence  of  CuA^  precipitates.  Other  alloys  of  this  type  with  similar 

compositions  have  been  developed.  The  second  group  of  alum  in  ion  alloys  is  the  Al-Zn-Mg-Cu  series.  These 
are  available  carmercial  alloys,  used  by  the  aerospace  industry  for  sane  years.  Here  by  a  specially 
developed  thermcmechanical  process,  (Fig.  19)  a  grain  size  of  ^10  /jun  can  be  achieved.  This  alloy  is 
superplastic  at  525°C  at  strain  rates  an  order  of  magnitude  lower  again  than  Al-Cu-Zr.  The  fine  grain 
size  here  also  relies  on  pinning  of  grain  boundaries. 

Transformations  can  be  used  to  produce  fine  structures  in  steel;  tempering  of  martensitic  -t- 
structures  can  leads  to  fine  dispersions  of  cement ite.  Marder  (14)  obtained  m  =  3.5  at  3.3  x  10_:> 

sec  1  in  Fe  -C  at  700°C  but  only  98%  elongation.  Failure  was  due  to  cavitation  atd-Fe-jC  interfaces. 

This  is  typical  of  a  lot  of  early  work  on  steel  superplasticity,  until  Sherby  et  al’s  (15)  work  on 
ultra-high-carbon  steels.  They  produced  a  microstructure  of  spheroid i zed  Fe^C  (0.1  -  0.5  j-ivm)  in 

ferrite  grain  matrix  (0.5  -  1.5  ju.ro)  by  a  variety  of  thermal  and  thermomechan ical  treatments.  The 
simplest  is  by  oil  quenching  and  then  repeatedly  (10-14  times)  cycling  the  alloy  through  the  A, 
temperature.  This  gave  elongations  of  -v300%  at  1.6  x  10“*  and  650°C  (m  ~,0.45). 


However ,  by  austenitising,  then  rolling  during  cooling  through  K  +  Fe^C  range  to  break  up  the 

pro-eutectoid  cenentite  as  it  emerges  from  the  austenite  just  below  A.  and  then  rolling  to  spheroidise 

1  •  -4-1 

the  pearl ite,  a  superplastic  WC  steel  was  produced  which  gave  750%  elongation  at  Z  =  1.6  x  10  sec 
at  650°C.  No  cavitation  was  seen  and  this  must  be  due  to  the  extreme  fineness  and  stability  of  the 
structure  and  the  plasticity  of  Fe3C  at  650 °C. 

Etwder  metallurgy  technology  can  be  used  to  produce  superplastic  properties.  Nickel-based 
superalloy  powders  are  made  from  the  melt  and  then  powder-forged  directly  into  components.  It  is  thought 
that  the  y*  phase  may  be  responsible  for  grain  refinement,  but  it  may  be  due  to  minute  traces  of  oxide  on 
the  original  powder  surface.  This  would  be  deleterious  in  tensile  deformation,  but  may  be  effective  as  a 
means  of  restricting  grain  growth  in  forgings. 


Mechanisms  for  sui 


What  metallurgical  deformation  processes  can  operate  at  £  0. 5T  and  how  would  these  be  modified  - 
if  at  all  -  by  the  fact  that  a  superplastic  alloy  has  a  micrograin  sTze? 


Both  Nabarro-Herring  and  Coble  creep  relate  stress,  strain-rate  and  grain  size,  but  it  has  been 
shown  that  the  calculated  strain-rate  is  too  snail,  by  orders  of  magnitude.  In  addition,  they  predict  a 
linear  relationship  between  stress  and  strain  rate,  which  is  rarely  observed,  and  deformation  by 
stress-d irected  vacancy  diffusion  will  produce  a  grain  shape-change  which  is  not  observed  either.  It 
would  also  maintain  any  existing  crystallographic  texture,  which  is  not  the  case;  in  general,  textures 
weaken  during  superplastic  deformation. 


Dislocation  i 


Here  there  are  also  equations  relating  stress  and  strain-rate  (no  grain-size  term)  both  in  the  bulk 
material  and  in  grain  boundaries.  It  is  agreed  that  these  relationships  do  not  describe  superplastic 
behaviour,  but  as  EHington  and  Cutler  (16)  point  out,  dislocation  climb  in  grain  boundaries  could  be  of 
assistance  to  grain  boundary  sliding  (q.v.) 
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Diffusion-controlled  Dislocation  Glide 

This  is  a  special  theory,  proposed  by  Chaudhari,  *here  superplasticity  is  controlled  by  the  qli.de 
of  jogged  screw  dislocations.  He  fits  Backofen's  results  to  this  theory  with  the  aid  of  certain 
parameters  in  his  equations,  but  the  experimental  observations,  which  reveal  a  distinct  lack  of 
dislocations  during  and  after  deformation  make  the  model  difficult  to  accept.  Also,  any  dislocation 
interaction  would  increase  the  flow  stress  (which  is  not  observed)  and  in  metal  working  at  £0. 5T  where 
slip  clearly  occurs  -  hot  rolling  at  high  strain  rates,  for  instance  -  the  deformation  is  not  m 
superplastic. 

Grain  boundary  sliding 

Many  workers  have  favoured  CBS,  or  a  variant  of  it,  simply  because  CBS  has  been  observed  at  the 
surface  of  superplastically-de forming  alloys  and  because  as  grains  become  smaller,  gliding  and  rotation 
become  easier.  Surface  observations  are  not  wholly  satisfactory,  however,  for  grains  here  have  m  extra 
degree  of  freedom  and  can  move  in  and  out  of  the  sheet  plane.  Additionally,  relationships  between  stress 
strain  rate,  grain  size  etc.#  predict  m  *  1,  which  is  not  observed. 

In  the  case  of  (BS  it  is  of  course  necessary  to  propose  an  additional  process,  -  grain  boundary 
migration,  a  diffusicnal  process,  recrystal lisaticn  -  to  maintain  coherency,  for  in  the  case  of  moat  of 
the  early  work  an  Zn-Al  eutectoid,  no  cavitation  was  observed,  even  after  elongations  of  1500% 

A  semi-philosophical  point  is  -  is  grain  boundary  sliding  a  mec banian? 

what  is  the  mec banian  of  grain  boundary  sliding? 

Due  to  the  unsatisfactory  nature  of  these  single  deformation  mechanians  to  describe  sijperplast  ic 
flew,  ore  theories  were  developed  in  which  combinations  of  diffusion,  dislocations  and  CBS  were 
introduced. 

It  is  important  to  note  that  in  the  late  60's,  early  70’ s  when  much  of  this  theory  was  proposed, 
the  experimental  data  came  from  eutectic  and  eutectoid  alloys,  whose  deformation  behaviour  was  inevitably 
complex.  This  was  also  the  era  of  the  1  million  volt  electron  microscope  and  with  the  possibility  of  in 
situ  experimentation,  Naziri  et  al  attempted,  in  1972,  (17)  to  settle  the  question  once,  for  all.  By 
that  time  it  was  generally  agreed  that  three  mechanians  operate  during  superplasticity  to  a  greater  or 
lesser  extent: 

1.  Grain  boundary  sliding 

2.  Diffusicnal  creep  * 

3.  Dislocation  creep/dynamic  recovery 

* 

(This  mechanism,  plu3  dynamic  recrystallisation,  will  be  dealt  with  more  fully  later.) 


4  thick  specimens  of  Zn-Al  eutectoid  with  an  1  pc m  phase  size  were  prepared  and  tested  over  a 
range  of  temperatures.  Stills  fran  the  cine-film  recording  are  show  in  Figs.  20  and  21,  taken  at  the 
indicated  time  intervals,  enabling  the  microstructural  changes  that  take  place  during  the  deformation  to 
be  followed.  The  aluniniun  rich  and  the  zinc-rich  grains  have  been  labelled  to  indicate  the  relative 
grain  movements.  Seme  of  the  difficulties  met  with  in  these  experiments  were  the  lack  of  resolution  and 
the  continuous  contrast  changes  which  occur  during  straining,  but  luckily  the  dark  and  light  shades  of 
the  twD  phases  greatly  facilitated  their  identification.  In  addition,  the  analysis  of  the  process  was 
complicated  by  the  overlapping  of  grains  in  the  thickness  direction.  Figure  22  shows  the  deformation 
behaviour  of  a  particular  group  of  grains.  The  important  point  to  notice  is  the  contraction  of  the 
horizontal  boundary  between  the  the  two  grains  to  give,  finally,  a  vertical  boundary. 

The  reverse  situation  is  occurring  in  Figure  23  on  four  adjacent  grains  where  the  vertical  boundary 
is  contracting  to  give,  finally,  a  horizontal  boundary.  The  two  grain- boundary  configuration  changes  are 
shown  schematically.  Another  feature  to  be  noted  is  the  rotnding  of  the  interphase  boundaries,  due  to 
mass  transport.  This  process  must  be  occurring  by  the  stress-directed  diffusion  of  vacancies  either 
through  the  lattice  or  along  the  boundaries  of  the  aluniniun-rich  phase. 

However,  it  is  clear  that  grain  movements  relative  to  one  another,  leading  to  grain  boundary 
sliding,  are  also  taking  place.  The  question  now  is  whether  diffusicnal  creep  Is  an  accomodation 
process  or  the  source  of  deformation.  As  other  workers  have  demonstrated,  when  diffusicnal  creep  is  the 
source  of  deformation,  grain-botndary  sliding  is  is  inevitable,  but  diffusicnal  creep  can  be  treated  as 
an  accomodation  process  for  steady-state  grain  boundary  sliding.  For  boundaries  which  are  not  exactly 
planar  (down  to  an  atomic  scale)  and  have  bumps  or  serrations  on  then,  steady-state  sliding  is  only 
possible  if  matter  is  transported  from  one  part  of  the  boundary  to  another,  by  lattice  or  boundary 
diffusion. 

The  al  tin  in  inn-rich  phase  appears  inactive  in  this  series  of  stills,  but  seme  dislocation  activity 
has  been  observed  in  this  phase,  but  to  date  the  resolution  is  poor.  This  dislocation  notion  would  also 
contribute  to  the  diffusion  of  the  zinc-rich  phase,  through  dislocation  cores. 

This  process  is  know  as  'grain  switching' ,  after  extrusion  experiments  carried  out  on  a 
two-dimensional  bubble  model  by  Ashby  and  Verrall  (18). 

Their  contention  is  shown  in  Fig. 24;  one  event  produces  a  true  strain  of  0.55,  with  less  material 
movement  over. shorter  distances  than  any  other  model,  and  the  quantitative  relationship  between  stress 
and  strain-rate  contains  no  adjustable  constants. 


17 


It  thus  seems  as  if.  in-aitu  electron  microscopy,  plus  the  Ashby  4  Verrall  theory  hu  at  last 
’solved’  the  question  of  superplastic  mechanisms.  Not  eo.  Brie  knell  4  ttUnqtan  (19)  questioned  the 
validity  of  the  in  situ  work,  stating  that  irradiation  fits  the  electron  be*  could  enhance  diffusivity 
and  so  change  the  aocawodatlcn  process ,  though  Hariri  et  al  maintained  that,  based  art  earlier  in  situ 
creep  experiments, no  radiation  effects  were  evident.  Bricknell  4  BUngtcn  also  pointed  out  the 
grain-switching  model  needs  to  be  extended  to  three  dimensions.  Here.  I  believe,  the  matter  tests. 

cynamic  Reccvery/Hecrvstallisation 

Superplasticity  can,  very  crudely,  be  thought  of  as  a  sort  of  fast  creep!  Alternatively,  it  could 
be  a  special  form  of  alow  hot  working.  So  far,  by  implication  it  has  been  thought  of  as  the  former,  fto w 
it  will  be  considered  from  the  latter  standpoint. 

Often,  hot  working  is  simply  defined  as  recrystallisation  'keeping  up*  with  de forma tUn ,  but  this 
definition  is  inadequate,  for  many  variables,  sane  obvious,  others  not  quite  so  obvious,  contribute  - 
limits  of  strain-rate  and  temperature,  m-value,  shape  of  the  stress-strain  curve,  stacking  fault  energy 

Hot  working  clearly  needs  time  for  metallurgical  restoration  processes  to  happen,  so  strain-rate  is 
all-important.  If  'hot  working*  stress,  strain  curves  are  plotted,  at  same  constant  strain-rate,  these 
fall  into  two  types,  exemplified  in  Fig. 26  and  labelled  A  and  B.  Both  curves  have  three  regions  which 
correspond  to  - 

1.  The  strain  hardening  region  with  an  increasing  dislocation  density  and  the 
formation  of  the  subgrain  structure. 

2.  Oscillations,  which  indicate  the  transition  between  setting  up  and  steady-state . 

3.  Steady-state. 

fcfriy  the  difference  in  the  oscillations  between  materials?  In  A,  representing  alutlniu*. <k-iron , 
zinc,  metals  with  a  high  stacking- fault  energy,  cross -si  ip  and  climb  are  easy  and  so  polygon!  sat  ion  can 
occur,  such  that  strain  hardening  is  offset.  This  is  termed  dynanic  recovery. 

In  B,  representing  nickel,  tf-iron,  copper,  dislocations  are  extended  -  low  stacking-fault  energy  - 
cross-slip  and  climb  are  difficult.  Seme  sii>-grains  form,  but  these  are  rapidly  replaced  by 
recrystal l i9ed  grains.  This  is  dynamic  recrystallisatian.  In  both  cases,  deformation  at  a  oenstant  flow 
stress  for  a  constant  temperature  and  strain  rate  -  is  achieved. 

If  material  is  deforming  at  a  constant  flow  stress,  this  implies  a  constant  dislocation  density  and 
at  grain  bouidaries,  barriers  to  dislocation  glide  at  0.3Tm,  beocme  sources  and  sinks  for  gliding 

dislocations. 

In  hot  working,  a  coarse-grained  (SO  pm)  metal  at  a  strain-rate  of,  say,  2  x  102  sec”1,  a 
dislocation  cell  network  ( polygon  i  sat  ion)  is  formed;  the  sub-grain  size  is  of  the  order  of  1  -  2  urn. 

This  enables  dislocations  to  be  created,  to  glide  and  to  be  annihilated  at  the  rate  required  by  the 
externally- imposed  strain-rate  to  give  microscopic  deformation  at  a  constant  flow  stress.  If  the 
strain-rate  were  decreased ,  then  the  sub-grain  network  would  expand,  as  less  dislocations  would  be 
required.  In  the  limit,  when  the  sub-grain  size  equalled  the  grain  size  v*  would  be  in  the  primary  creep 
regime. 

In  hot  working,  a  fine-grained  metal  (1-5  ^m)  at  a  strain  rate  of  2  x  102  sec  no  sti>-grain 
boundary  nettrork  needs  to  be  generated,  as  the  grain  size  is  of  the  size  of  the  notional  sub-grains. 

Grain  boundaries  are  adequate  sources  and  sinks.  If  the  strain-rate  is  now  suddenly  decreased,  it  is  not 
possible  for  the  grain  size  to  change  rapidly  -  grain  growth  is  a  relatively  slow  process.  So  an  exoess 
of  grain-boundary  volune  exists  and  this  facility  for  material  transport  is  one  aspect  of 
superplasticity. 

In  superplastic  alloys  which  do  not  have  50/50  microstructures,  where  fine  grains  are  pinned  by 
precipitates,  dynamic  recwery/recrystal  li  sat  ion  are  almost  certainly  the  operating  mechanises. 

In  C.P.  zinc  and  Zn-0.4%  Al  investigated  by  Naziri  4  Pearce  (20)  dynamic  recovery  was  specified  as 
the  deformation  process,  for  zinc  has  a  high  stacking-fault  energy  and  the  activation  energy  for  the 
process  was  measured  as  22  kcals/mole;  Jonas  gives  23  kcals/mole  for  hot-working  of  zinc.  These  values 
are  close  to  those  reported  for  zinc  self-diffusion. 

Pot  dynamic  recrystallisation,  -  low  stacking- fault  energy,  dislocation  climb  difficult,  nucleation 
followed  by  recrystal  1 1  sat  ion  -  activation  energies  are  much  higher.  In  the  Al-6Cu-0.57,r  alloy  vrfiere 
dynamic  recrystallisation  is  the  predominant  mechanise  an  activation  energy  of  is  foind  (that  for 

Al  self  diffusion  ). 

Activation  aiergies 

Activation  energy  measurements,  however,  as  a  guide  to  the  mechanic  of  superplasticity,  have  long 
been  a  subject  of  controversy.  There  is  an  excellent  discussion  of  the  whole  subject  in  ref.  (  ). 

Briefly,  the  activation  energy  at  constant  stress,  Q^can  be  obtained  by  plotting  log  £  against 
1/T  °r  1  log  <r  T  against  1/T  T 

m 


The  activation  energy  at  constant  £.  can  be  obtained  by  plotting  log  <7^  against  1/T. 

These  nust  be  rnequal,  and,  with  the  interdependence  of  (T,  t,  T,dland  m,  it  becomes  well-nigh 
impossible  to  conceive  and  execute  an  experiment  in  which  there  is  only  one  variable  in  this  area. 

At  best,  activation  energies  can  perhaps  provide  confirmation  of  an  operating  mechanism,  but  not 
definite  proof  of  a  particular  mechanise  on  its  om. 

What  is  clear  is  that  superplasticity  is  a  phenomena*,  linked  to  high  m-values,  and  this  value  is 
produced  in  different  alloys  by  the  operation  of  different  metallurgical  processes  -  or  their 
combinations  - 

self  diffusion 
grain  fcxxndary  diffusion 
stress-induced  diffusion 
solute  diffusion 
dynamic  recovery 
dynamic  recrystal lisa t ion 

(and  also  the  metallurgical  processes  in  Cycling  amerplaaticity  -  phase  changes  and  thermal  anistropy, 
not  dealt  with  in  this  paper).  Grain-boundary  sliding,  often  proposed  as  a  mechanism  of  superplastic 
flow,  is  brother  controversial  area.  Lifshitz  (21)  pointed  out  that  during  diffuslonal  flow  grain 
boundary  sliding  is  inevitable?  indeed  the  activation  energy  for  sliding  is  generally  that  of  grain 
boundary.  Recently,  there  has  been  much  speculation  on  the  structure  of  grain  boundaries  and  various 
grain-boundary-sliding  models  have  emerged  fron  this,  all  dependant  upon  the  structures  proposed  in  the 
models. 

All  that  can  be  usefully  said  at  present  is  that,  under  optimum  superplastic  conditions,  all 
boundaries  appear  to  behave  similarly,  and  also  that,  until  more  evidence  is  available,  grain  boundary 
sliding  is  the  result  of  diffusion  parallel  to  the  boundary  curvature. 

Manufacture 

The  paper  which  set  superplasticity  on  the  course  it  is  still  running  an  today,  reference  (8) 
contained  a  photograph  (Fig.  10)  of  a  'bubble'  blown  in  an-Al  eutectoid  and  it  was  from  this  beginning 
that  sheet  forming  of  superplastics  grew.  As  m- value  is  the  sane  in  compression  as  in  tension,  it  was 
not  surprising  that  superplastic  forging  was  being  developed  quite  soon  after  sheet  forming  started. 

Backofen,  however  was  dissatisfied.  In  December  1969  he  went  an  record  (22)  as  saying  - 

"When  is  industry  going  to  oet  off  its  rurp  and  put  scroe  of  this  to  work?  When  will 
people  discover  that  this  Is  no  longer  a  theory,  but  a  hard,  practical,  established 
concept  that  can  make  someone  a  lot  of  money?" 

With  hindsight  we  can  answer  this  question  -  "In  about  fifteen  years",  (and  it  depends  on  what  you  mean 
by  a  lot  of  money) . 


This  is  shown  in  various  forms  in  Figures  26,  &  2  7,  Figure  26  shows  a  simple  four-part  operation. 
Forming  into  a  female  die  should  be  used  where  possible,  because  of  its  simplicity.  Figure  27  shews  male 
forming  where  a  die  is  forced  against  the  sheet  to  produce  the  required  shape,  plus  air  pressure.  The 
advantage  here  is  that  -  if  this  is  an  important  requirement,  of  course  -  inside  dimensions  are 
controlled,  and  the  bottom  of  the  part  is  approximately  at  the  original  metal  thickness,  because  of 
friction.  The  control  of  thickness  is  important  in  thermofotming ,  and  two  methods  adopted  from  the 
plastics  industry  are  frequently  applied  -  billowing  and  plug  assisting.  In  billowing,  increased  surface 
area  of  the  blank  -  ideally  to  that  required  by  the  finished  part  -  is  generated  by  blowing  a  bubble  of 
approximately  the  required  final  surface  area  into  an  empty  cavity  and  then,  by  reversing  the  pressure, 
'laying*  this  material  over  the  punch  to  produce  a  oonporvent  of  a  reasonably  uniform  thickness. 

Plug-assisted  forming  is  shown  in  Fig.  2a  With  this  method,  virtually  no  thinning  occurs  of  the 
sheet  in  contact  with  the  plug;  nearly  all  the  metal  flow  is  in  the  walls  of  the  part.  Blow  moulding  is 
coming  into  use  as  a  forming  technique  as  superplastic  alloys  are  made  available  in  tubular  form. 

Forging 

As  in  conventional  forging,  a  blank  of  exact  weight  (volume)  is  placed  in  the  die  cavity  and  formed 
as  the  two  halves  of  the  tool  come  together.  Superplastics  flow  readily,  so  to  avoid  flash,  good  mating 
must  be  produced  between  the  two  parts  of  the  tool  and  high  clamping  pressures  used,  often  several  times 
the  forming  press isre.  Dimensions  can  be  held  to  0.025nm  on  the  component,  anl  0.075imi  ever  the  parting 
line.  For  easy  component  ejection  a  2°  draft  is  recommended  and  the  only  limitation  on  component  section 
is  that  the  part  must  be  robust  enough  to  be  handled  at  acme  elevated  temperature  during  renewal  from  the 
tools. 

These  comments  were  applied  specifically  to  Zn-Al  eutectoid,  but  should  be  relevant  to  any 
superplastic  alloy  (m  0.5)  at  opt l  lum  forming  temperature  and  strain  rate. 

In  these  2n-Al  forging  experiments,  difficulty  was  experienced  in  removing  the  forged  part  from  the 
dies  and  en  ingenious  solution  was  foirri.  The  dies  were  heated  to  about  300*C,  above  the  invariant 
temperature  (278°C)  at  which  &v-Al  eutectoid  is  transformed  to  the  non-superplastic  state.  Plastic 
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deformation,  however,  occurred  before  the  slug  had  time  to  transform,  but  by  the  time  the  dies  were 
opened  the  piece  was  hotter  but  stronger!  The  same  idea  can  be  applied  in  sheet  forming  of  this  alloy  by 
the  use  of  an  overheated  mould  (die)  contact  with  which  -  when  the  sheet  has  attained  the  required  form  - 
destroys  si^Jerplasticity. 

At  the  other  end  of  the  temperature  scale,  superalloys  can  be  superplastically  forged  accurately  to 
shape.  In  this  area  it  is  interesting  to  think  of  the  die  materials  which  can  be  used  for  forging  at 
temperatures  such  as  950®C.  IN  100,  a  complex  Ni-based  alloy,  has  a  strength  of  about  250-300  MPa  at 
950 "C  and  this  should  be  adequate  for  forging  at  optimum  m,  with  a  flow  stress  of  50  to  100  MPa. 

When  is  it  economic  to  operate  this  sort  of  process,  which  requires 

Expensive  dies 

Special  heating 

Protective  atmosphere 

Low  throughput 

■today,  conventional  forgings  often  have  buy-to-fly  ratios  of  10:1  and  at  £16  per  kilogram  this  is  so 
wasteful,  that  money  is  well-spent  on  a  mere  sophisticated  manufacturing  process. 

Fbr  instance  - 

Machined  Rart  Weight  -  35  kg 

Conventional  Forging  Weight  -  80  kg 

Superplastic  Forging  Weight  -  53  kg 

27  kg  saved,  £432,  per  forging,  in  material  alone 

A  variant  of  forging,  known  in  the  UK  as  ’bobbing'  is  a  well-established  die-sinking  technique, 
whereby  a  die  cavity  is  formed  through  the  impression  of  a  male  punch  (the  master  hob)  into  a  block  of 
die  material.  The  bobbed  cavity  has  a  good  surface  finish  (as  good  as  the  master  hob)  and  many  die  sets 
could  be  made  from  one  master.  Uh fortunately,  strain-hardening  of  the  die  material  during  hobbing  leads 
to  high  hobbing  loads  and  even  to  distortion  of  the  hob  itself. 

Certain  popular  die  steels  (24)can  be  appropriately  heat-treated  to  induce  superplasticity  and  now 
bobbing  with  very  accurate  replication  can  oe  carried  out  at  low  loads,  using  a  hob  manufactured  from, 
for  example,  Nimcnic  90  which  is  fifteen  times  stronger  than  a  superplastic  low-alloy  steel  (D5)  under 
hobbing  conditions.  This  process,  if  developed  further  seems  to  have  some  attractive  features  for  the 
production  of  forging  dies,  for  D5  steel  is  the  most  popular  low-alloy  steel  for  die  manufacture  in  the 
hot  forging  industry. 

At  the  low  temperature  end,  &i-Al  eutectoid  has  been  used  Cor  dies  for  the  plastics  injection 
moulding  industry  often  for  short  or  prototype  runs,  while  for  higher  production  the  Al-Si  eutectic  with 
better  wear-resistance  has  been  employed.  Note  that  Al-Si  while  no  use  in  tension  due  to  severe 
cavitation,  is  useful  in  compress ion ,  where  the  imposed  stress  system  does  not  favour  fracture. 

Other  Processes 

TWo  other  developments  have  emerged  since  the  advent  of  superplasticity  in  aerospace  **  HIFping  and 
Diffusion  Bonding. 

HIPping  has  been  briefly  dealt  with  in  the  section  on  Cavitation. 

Diffusion  bonding,  as  a  method  of  joining  during  superplastic  forming,  emerged  with  the  discovery 
of  superplasticity  in  the  two-phase  TL-A16-V4  alloy.  This  alloy  was  specially  developed  for  the  aircraft 
industry  with  low-temperature  strength  and  ductility  properties  in  mind  and  it  was  subsequently 
discovered  that,  after  working  in  the  two-phase  field,  a  fine,  stable,  microstructure  is  produced, 

which  at  *925*0  has  an  equal  proportion  of  the  X  and  A  phases.  It  shews  excellent  superplastic 
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properties  (m  ■  0.8  at  950*C  and  1  x  10  sec  ).  Importantly,  TiO^  is  soluble  in  Ti  at  950*C,  and  90, 
if  two  piecesof  Ti  are  pressed  together  in  an  oxygen-free  environment,  bending  takes  place. 

Thus  the  process  described  as  -  'the  first  really  new  method  of  making  things  since  the  industrial 
revolution'  -  superplastic  forming  and  diffusion  bending  -  SPF0B,was  developed  (23).  The  procedure  is: 

1.  Preclean  (mechanically  or  chemically) 

2.  Coat  areas  NOT  to  be  diffusion  bonded  with  a  stop-off  canpoux) 

3.  Assemble  in  forming  tools 

4.  Introduce  argon  to  purge  out  oxygen  and  nitrogen 

5.  Heat  up  to  925 #C 

6.  Introduce  argon  at  7  bar  to  start  forming 

7.  When  part  is  shaped  increase  pressure  to  60  bar  to  ensure  good  diffusion  bonding 

8.  Cool  to  room  temperature 

9.  Acid  pickle  to  remove  any  surface  contamination 

In  Figure  29,  the  SPFEB  concept  using  4  sheets  plus  initial  welding,  is  illustrated  for  the 
production  of  a  high-performance  missile  wing. 

Due  to  the  reduced  labour  costs,  a  40%  unit-prod  action,  cost- saving  is  shown  over  a  wing  manufacturer) 
from  an  alum  ini  un-alloy-machined  ocre  with  a  welded-up  riveted-on,  titanium  alloy  skin;  this  latter  also 
weighed  50%  more  than  the  SFFDB  one. 


1-10 


Uhfortinately,  Al203  is  rot  soluble  in  A1  and  so  the  process  of  SPFCB  cannot  be  directly  applied  to 

other  systems.  Much  research,  however,  is  being  directed  towards  the  joining  of  superpl as tic 

al uro in iun -alloy- sheet  during  forming;  practical  developments  from  this  research  are  eagerly  awaited. 

Service  Properties 

The  usual  in-service  mechanical  properties  and  the  service  conditions  to  which  engineering 
ocmpanents  are  subjected  are:- 

Properties  -  yield  strength,  tensile  strength,  ductility,  impact  strength,  fracture  toughness 
Conditions  -  creep,  fatigue,  corrosion 
Yield  strength,  Tensile  Strength 

The  strength  of  a  polycrystalline  metal  varies  with  grain  siae: 

<r  cA  da 

For  slip  deformation,  <0.?Tm,  a  =  -j,  whether  stress  is  measured  as  yield  strength,  tensile  strength 
or  hardness:  the  well-knovn  Hall-Ifetch  relationship  states: 

(T  =  (T  +  k  d"^ 

°y  i  y 

and  in  ferritic  steels,  ky  =  15  -  20  MPa.  This  amounts  to,  roughly,  70  HR*  increase  in  yield  - 
strength  for  every  lOx  reduction  in  d.  Thus  an  alloy  with  a  1  u[n  grain  siae  will,  have  good  strength  at 
0.3Tm. 

Cavitation,  (Fig. 30)  during  superplastic  deformation  will  also  affect  room- temperature, post- forming 
properties.  Figure  31  shows  the  effect  of  superplastic  strain  on  certain  engineering  properties  of  7475 
A1  alloy  in  the  T6  condition. ( 25 ) . 

Ductility 

Ductility,  here  measured  by  total  elongation  on  a  12mm  gauge- length  tensile  test,  again  on  7475  T6, 
also  falls  with  increasing  cavitation  -  rather  more  significantly  than  do  strength  properties. 

Impact  strength.  Fracture-. toughness 

In  a  Charpy  impact  test,  the  presence  of  cavities  will  clearly  l<Mer  the  strength ,  though  I  could 
not  find  any  published  results.  In  the  case  of  a  50/50  microstructure  such  as  Zn-Al  eutectoid,  the 
zinc-rich  phase  is  CHi  and  the  Al-rich  phase  PCC.  Thus  as  the  temperature  is  lowered  the  cm  phase  will 
show  a  ductile/brittle  transition,  while  the  FCC  phase  will  not.  It  is  interesting  to  note  that  CPU 
dominates  and  that  the  alloy  exhibits  a  D/B  transition. 

Fracture  toughness  experiments  have  been  carried  out  on  formed,  cavitated  Al/Cu/Zr  alloys  in 
various  conditions  of  heat  treatment.  The  fatigue-crack  growth  rate  increased  with  increasing  cavitation 
-  and  with  increasing  strength  attained  by  solution-treatment  and  ageing.  This  latter  is  thought  to  be 
due  to  a  reduction  in  fracture  toughness  (26). 

Creep 


Clearly,  if  the  superplastic  forming  temperature  is  close  for  the  operating  temperature,  it  is 
desirable  for  superplasticity  to  be  eliminated  after  forming  and  before  use.  In  the  Zn-based  alloys, 
room  temperature  is  about  0.43r^  -  too  high  for  stable,  post-forming  behaviour.  This  was  discovered  *hen 

a  motor-car  body  was  manufactured  from  Zh-Al  eutectoid  sheet  and  stability  was  absent  1  The  problem  was 
alleviated  in  an  interesting  way;  1%  copper  was  added  to  the  alloy  (27)  which  had  no  effect  on  m  and 
superplasticity  at  250 °C,  but  reduced  the  steady-state  creep  rate  at  20 °C  by  a  factor  of  140. 


In  the  superplastic  superalloys,  elaborate  heat-treatments  are  often  used  to  promote  grain 
coarsening. 

Fatigue 


If  an  alloy  possesses  a  strain-rate-sensitivity  of  the  flow  stress,  and  if  fatigue  life  correlates 
with  yield  stress,  then  the  life  of  a  superplastic  alloy  should  increase  with  increasing  frequency.  This 
has  been  shorn  to  be  so  (28)  in  fri-Al 

Ch  the  other  hand,  superplasticity  with  cavitation  -  increasing  with  increasing  superplastic  strain 
-  will  have  an  adverse  effect  on  life  (Fig.  32) 

Corrosion 


In  50/50  alloys,  the  corrosion  behaviour  can  be  controlled  by  either  phase.  In  the  2rv-Al 
eutectoid,  atmospheric  corrosion  is  slow,  due  to  the  formation  of  an  air-formed  film  from  the  et -phase, 
making  it  behave  similarly  to  an  aluminium  alloy. 

If,  however,  a  piece  is  joined  (electrically)  to  steel,  itxier  wet  conditions,  it  will  dissolve 
rapidly  away,  as  the 0-phase  is  anodic  to  the  steel,  which  it  now  protects  sacrificially. 


Ill 

The  A1/6CU/0.5  2r  alloys  possess  poor  corrosion  resistance,  a»  far  as  the  whole  speotrua  of  altminiim 
alloys  Is  concerned  and  so  cladding  is  applied  for  the  mmiufacture  of  parts  to  be  used  in  sslign 
envirorwents.  It  must  be  ensured,  however,  that  the  clad  layer  r warns  coherent,  otherwise  local  attack 
and  sibsequent  perforation  nay  ensue. 

Oonclusion 

In  this  overview  I  hope  that  I  have  Interested  you  -  and  informed  you  -  in  same  aspects  of  the  huge 
subject  of  snerplasticity.  There  nay  have  been  a  slight  pre-occupaticn  with  alloys  not  envisaged  for 
aerospace  ^plications,  but  nevertheless,  they  denonstrate  principles  which  have  to  be  borne  in  Kind  in 
all  engineering  applications. 

I  believe  in  the  future  that  new  siperplastic  alloys  will  continue  to  be  developed  and  existing 
ones  refined  and  applied  for  a  wide  range  of  engineering  products. 
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FIGURE  II  Effect  of  various  parameters  upon  superplastic  behaviour 


FIGURE  IZ  m  versus  muiiKALionr  ootn  theoretically  and  experimentally 


FIGURE  17  Tha  effect  of  forming  back-preaaure  on  cavitation ,  with 
increasing  strain 
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riavus  18  A  tamparacurc/praaaur*  cmvitation  limit  diagram 


FIGURE  19  A  production  recipa  tor  rine-grained  A1  7475  alloy 


FIGURE  20  In-si tu  deformation  in  a  HVEM  of  Zn/Al  eutectoid 


FIGURE  21  In-si tu  deformation  in  a  HVEM  of  Zn/Al  eutectoid 
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FIGURE  32  Effect  of  strein-rete'-sensitivity  upon  fetigue  life 
in  Zn/Al  eutectoid 
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Abstract 

The  exceptional  ductility  of  superplastic  alloys  can  be  utilized  in  the  shaping  and  forming  of  parts,  components, 
and  structures  which  could  not  be  easily  or  economically  produced  by  materials  of  more  limited  ductility.  A  number 
of  methods  for  forming  these  materials  have  been  studied  on  a  laboratory  scale,  and  several  of  these  are  being  utilized 
to  produce  full  scale  parts  on  a  production  basis,  with  benefits  being  achieved  in  cost  as  well  as  in  design  efficiency. 
The  forming  of  superplastic  alloys,  however,  involves  consideration  of  a  number  of  factors  which  are  interactive  and 
lead  to  a  relatively  complex  process,  especially  if  maximum  capability  and  minimum  cost  are  to  be  achieved.  These 
considerations  include  the  superplastic  properties  of  the  alloy,  effect  of  temperature,  effect  of  strain  rate,  microstructural 
changes  during  forming  and  their  effect  on  superplastic  properties,  effect  of  die  configuration  on  forming  capability,  and 
forming  parameters. 

The  forming  methods  which  have  been  demonstrated  for  superplastic  alloys  include:  blow  forming,  vacuum  forming, 
thermo-forming,  die-less  drawing,  deep  drawing,  forging,  and  superplastic  forming  with  combined  diffusion  bonding 
(SPF/DB).  With  the  exception  of  the  forging,  these  processes  utilize  the  high  elongation  capability  and  related  resistance 
to  localized  necking.  Therefore,  the  thinning  gradients  which  can  develop  during  forming  are  of  primary  concern,  and 
relate  directly  to  the  material  characteristics  and  the  mechanics  of  stretch  forming  into  a  given  die  configuration.  The 
technology  of  SPF  has  been  found  to  benefit  from  modelling  of  the  process,  the  results  of  which  can  guide  the  selection 
of  pressurization  parameters  as  well  as  predict  the  thinning  characteristics  and  tendency  to  rupture.  These  concepts  are 
reviewed  in  this  paper.  Many  alloys  tend  to  cavitate,  or  form  internal  voids.  During  SPF  processing  and  mechanical 
design  properties  can  suffer  if  this  this  cavitation  is  severe.  Concepts  for  minimizing  or  eliminating  cavitation  are 
discussed. 


Introduction 

Superplasticity  is  a  term  which  is  used  to  indicate  the  exceptional  ductility  that  certain  metals  can  exhibit  when 
deformed  under  proper  conditions.  The  term  is  most  often  related  to  the  ductile  tensile  behavior  of  the  material; 
however,  superplastic  deformation  has  the  characteristic  of  easy  deformation  under  low  pressures,  and  compression 
deformation  characteristics  are  also  described  as  superplastic.  The  tensile  ductility  of  superplastic  metals  is  typically 
in  the  range  of  200  to  1000%  elongation,  but  ductilities  in  excess  of  5000%  have  been  reported  (1).  Elongations  of 
this  magnitude  are  one  to  two  orders  greater  than  those  observed  for  conventional  metals  and  alloys,  and  are  more 
characteristic  of  plastics  than  metals. 

Since  the  capabilities  and  limitations  of  sheet  metal  fabrication  are  most  often  determined  by  the  tensile  ductility 
limits,  it  is  clear  that  there  is  are  significant  advantages  potentially  available  for  forming  such  materials,  if  the  high 
ductility  characteristics  observed  in  the  tensile  test  can  be  utilized  in  production  forming  processes.  This,  of  course,  is 
being  done  today  and  the  number  of  applications  of  parts  formed  by  these  methods  is  increasing  each  year.  This  paper 
will  address  many  of  the  processes  and  related  considerations  important  in  the  forming  of  superplastic  sheet  metal  parts. 


Requirements  for  Superplasticity 

Before  discussing  the  details  of  the  superplastic  forming  processes,  it  is  necessary  to  review  the  more  important 
aspects  of  superplastic  material  behayior,  since  some  of  the  specific  forming  parameters  -re  determined  by  this  behavior. 

There  are  several  different  types  of  superplasticity  in  terms  of  the  microstructural  mechanisms  and  deformation 
conditions,  including  the  following  (2,3):  a)  micrograin  superplasticity,  b)  transformation  superplasticity,  and  c)  internal 
stress  superplasticity.  At  this  time,  only  the  micrograin  superplasticity  is  of  importance  in  fabrication  of  parts,  and  the 
discussion  wilt  be  limited  to  this  type.  For  the  micrograin  superplasticity,  the  high  ductilities  are  observed  only  under 
certain  conditions,  and  the  basic  requirements  for  this  type  of  superplasticity  are:  1)  very  fine  grain  size  material  (of 
the  order  of  10  microns),  2)  relatively  high  temperature  (greater  than  about  half  the  absolute  melting  point),  and  3) 
a  controlled  strain  rate,  usually  in  the  range  0.0001  to  0.01  per  second.  Because  of  these  requirements,  only  a  limited 
number  of  commercial  alloys  are  superplastic,  and  these  materials  are  formed  using  methods  and  conditions  that  are 
different  than  those  used  for  conventional  metals. 
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Chvtcteristks  of  Superplastic  Metals 

For  a  superplastic  metal  tensile  tested  under  proper  conditions  of  temperature,  the  observed  ductility  is  seen  to 
vary  substantially  with  strain  rate,  as  shown  in  Figure  1  for  a  Zn-AI  eutectoid  alloy  (4).  As  shown,  there  it  a  maximum 
in  ductility  at  a  specific  strain  rate,  with  significant  losses  in  ductility  as  the  strain  rate  is  increased  or  decreased  relative 
to  this  maximum.  It  is  now  well  known  that  the  primary  factor  related  to  this  behavior  it  the  rate  of  change  of  flow 
stress  with  strain  rate,  usually  measured  and  reported  as  m,  the  strain  rate  sensitivity  exponent,  where 

m  =  ditto  /dine 

and  o  it  the  flow  stress  and  i  is  the  strain  rate. 

The  characteristic  flow  properties  for  a  superplastic  metal  are  exemplified  in  Figure  2  for  a  Ti-6AI-4V  alloy  tested 
at  927<’C.  The  m  for  these  data  is  the  differential  of  the  above  curve  at  indicated  above,  and  a  plot  of  m  vs  log  strain 
rate  is  shown  in  Figure  3.  The  very  strong  strain  rate  sensitivity  of  flow  stress  as  shown  in  Figures  2  and  3  is  typical  of 
superplastic  metals  and  there  is  a  good  relationship  between  the  m  value  and  superplastic  ductility,  a  relationship  that 
was  shown  most  clearly  by  Woodford  (5)  in  a  graph  of  data  far  a  large  number  of  alloys  as  shown  in  Figure  4  where 
the  m  value  is  graphed  at  a  function  of  elo  gation.  While  the  total  elongation  can  also  be  affected  by  fracture,  the 
strain-rate  sensitivity  is  a  first  order  effect.  The  influence  of  the  m  on  the  ductility  it  understood  through  mechanics 
to  be  due  to  the  stabilizing  effect  of  the  strain  rate  sensitivity  of  flow  stress  on  the  diffuse  necking  process  (4-8).  The 
superplastic  deformation  is  alto  strongly  affected  by  temperature,  and  an  illustration  of  typical  behavior  it  shown  in 
Figure  5  (9)  where  the  ductility  of  a  titanium  alloy  it  graphed  as  a  function  of  temperature.  As  can  be  seen,  the 
elongation  rises  and  falls  rapidly  over  a  relatively  short  temperature  range,  and  outside  the  limits  of  this  temperature 
span  the  ductility  is  quite  modest  and  within  the  range  of  conventional  material  behavior. 

The  above  characteristics  of  a  superplastic  alloy  indicate,  therefore,  that  unusual  forming  capability  should  be 
possible  with  superplastic  alloys,  but  that  control  of  the  forming  process  parameters  is  important  in  order  to  obtain  the 
full  potential  of  this  class  of  material.  Such  process  controls  are  more  demanding  than  corresponding  requirements  for 
conventional  forming  processes,  and  superplastic  forming  of  sheet  metals  is  a  technology  which  is  new  and  different 
from  the  conventional  processes.  However,  when  properly  conducted,  SPF  offers  advantages  over  other  fabrication 
methods  for  a  number  of  applications. 


8up«rplasUc  Alloys 

Because  of  the  stable  grain  size  requirement  for  a  superplastic  metal,  not  all  commercially  available  alloys  are 
superplastic.  In  fact,  very  few  such  alloys  are  superplastic.  Many  materials  have  been  produced  under  laboratory  or 
pilot-plant  processing  (3),  but  very  few  of  these  have  been  produced  commercially.  Nonetheless,  there  are  some  alloys 
which  can  be  obtained,  or  which  may  be  expected  to  be  available  in  the  future,  that  can  be  mentioned.  It  is  expected 
that,  as  the  SPF  technology  develops,  there  will  be  additional  alloys  produced  specifically  for  this  process. 

A  summary  of  several  superplastic  alloys  is  presented  in  the  Table  1,  along  with  tome  of  their  characteristics.  Par¬ 
ticularly  noteworthy  are  the  Ti-6AI-4V,  747S  Al,  and  the  Supral  alloys  which  are  quite  superplastic  and  are  commercially 
available.  The  Ti  alloys  have  been  found  to  be  superplastic  as  conventionally  produced,  and  there  has  not  been  a  need 
to  develop  alloy  modifications  nor  special  mill  processing  methods  to  make  them  superplastic.  However,  that  has  not 
been  the  case  with  the  Al  alloys,  and  either  special  processing  (10)  or  alloy  development  (11)  has  been  necessary  to 
produce  superplastic  materials.  The  Zn-22AI  alloy  is  one  which  has  been  the  focus  of  substantial  research  because  it 
can  be  readily  processed  into  the  superplastic  condition,  and  this  alloy  has  also  been  made  available  commercially  by 
several  different  suppliers. 

Important  considerations  in  the  selection  and  use  of  a  superplastic  alloy  are  the  total  elongation  capability,  the 
stability  of  the  superplastic  microstructure  at  high  temperature,  the  latitude  of  the  temperature  and  strain  rate  range 
over  which  superplasticity  is  observed,  and  the  rate  of  development  of  cavitation  during  superplastic  deformation.  All  of 
these  factors  can  change  from  lot  to  lot  of  the  material,  and  it  generally  advisable  to  check  each  lot  for  the  superplastic 
properties  as  well  as  design  properties. 


SPF  Procoaaoa 

A  number  of  methods  and  techniques  have  been  reported  (3,12)  for  forming  superplastic  materials,  each  of  which 
has  a  unique  capability  and  develops  a  unique  set  of  forming  characteristics.  The  following  are  forming  methods  which 
have  been  used  with  superplastic  alloys: 

Blow  Forming 
Vacuum  Forming 
Thermo-forming 
Deep  Drawing 
SPF/DB 


i 
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Forging 
Extrusion 
Dieless  Drawing 

Only  those  processes  that  relate  to  sheet  metal  forming  are  discussed  in  this  paper. 


Blow  Forming  and  Vacuum  Forming 

Blow  forming  and  vacuum  forming  are  basically  the  same  process  (sometimes  called  stretch  forming)  in  that  a  gas 
pressure  differential  is  imposed  on  the  superplastic  diaphram  causing  the  material  to  form  into  the  die  configuration 
(3,12-14).  In  vacuum  forming,  the  applied  pressure  is  limited  to  atmospheric  pressure  (ie.,  15  psi)  and  the  forming  rate 
and  capability  are  therefore  limited.  With  blow  forming,  additional  pressure  is  applied  from  a  gas  pressure  reservoir,  and 
the  only  limitations  are  therefore  related  to  pressure  rating  of  the  system  and  the  pressure  of  the  gas  source.  Typically, 
a  maximum  pressure  of  100  psi  to  500  psi  is  employed  in  this  process. 

The  blow  forming  method  is  illustrated  in  Figure  6  where  a  cross-section  of  the  dies  and  forming  diaphram  are 
shown.  In  this  process,  the  dies  and  sheet  material  are  normally  maintained  at  the  forming  temperature,  and  the  gas 
pressure  is  imposed  over  the  sheet  causing  the  sheet  to  form  into  the  lower  die,  and  the  gas  within  the  lower  die  chamber 
is  simply  vented  to  atmosphere.  The  lower  die  chamber  may  also  be  held  under  vacuum,  or  a  "back  pressure"  may  be 
imposed  to  suppress  cavitation  if  necessary.  The  concept  of  the  use  of  "back  pressure"  to  control  or  prevent  cavitation 
is  discussed  in  a  subsequent  section  of  this  paper. 

The  rate  of  pressurization  is  normally  established  such  that  the  induced  strain  rates  in  the  forming  sheet  are 
maintained  in  the  superplastic  range,  a  rate  which  is  either  determined  by  trial-and-error,  or  by  application  of  analytical 
modeling  methods  (15-18).  This  pressure  is  generally  applied  slowly  rather  than  abruptly  to  prevent  too  rapid  a  strain 
rate  and  consequent  rupturing  of  the  part. 

The  perifery  of  the  sheet  is  held  in  a  fixed  position  and  does  not  draw-in  as  would  be  the  case  in  typical  deep- 
drawing  processes.  It  is  common  to  use  a  raised  land  machined  into  the  tooling  around  the  perifery  as  shown  in  Figure 
7  to  secure  the  sheet  from  slipping  and  draw-in,  and  to  form  an  air-tight  seal  to  prevent  leakage  of  the  forming  gas. 
The  sheet  alloy  therefore  stretches  into  the  die  cavity  and  all  of  the  material  to  form  the  part  comes  from  the  sheet 
over-laying  the  die  cavity.  This  results  in  considerable  thinning  of  the  sheet  for  complex  and  deep-drawn  parts,  and  can 
also  result  in  significant  gradients  in  thickness  in  the  finished  part. 

This  process  is  being  used  increasingly  to  fabricate  structural  and  ornamental  parts  of  titanium,  aluminum,  and 
other  metals.  An  example  of  the  process  applied  to  the  forming  of  a  titanium  aircraft  nacelle  frame  (19)  is  illustrated 
in  figure  8.  In  this  case,  the  forming  is  conducted  at  about  1650F.  and  inert  gas  (argon)  is  used  on  both  sides  of  the 
sheet  in  order  to  minimize  oxidation  and  related  detrimental  surface  degradation  due  to  the  reactivity  of  titanium.  The 
use  of  such  protective  gases  is  not  usually  necessary  for  aluminum  alloys. 

Large  complex  parts  are  readily  formed  by  this  method,  and  it  has  the  advantage  of  no  moving  die  components 
(i.e.,  no  double  acting  mechanisms)  and  does  not  require  mated  die  components.  Multiple  parts  can  be  formed  in  a 
single  process  cycle  thereby  permitting  an  increase  in  the  production  rate  for  some  parts. 


Thermo-forming 

Thermo-forming  methods  have  been  adopted  from  the  plastics  technology  for  the  forming  of  superplastic  metals, 
and  may  employ  a  moving  or  adjustable  die  member  in  conjunction  with  gas  pressure  or  vacuum  (13,14,20).  An 
illustration  of  techniques  employing  this  process  are  shown  in  Figure  9.  In  the  first  case,  an  undersized  male  die  punch 
is  used  to  initially  stretch  form  the  superplastic  sheet  followed  by  application  of  gas  pressure  to  force  the  sheet  material 
against  the  configurational  die  to  complete  the  shaping  operation. 

Another  method  also  illustrated  in  Figure  10  employs  a  movable  die  member  which  aids  in  pre-stretching  the  sheet 
material  before  gas  pressure  is  applied.  In  this  case  the  gas  pressure  is  applied  from  the  same  side  of  the  sheet  as  the 
moving  die.  These  two  techniques  provide  ways  of  producing  different  shapes  of  parts,  and  can  be  used  effectively  to 
control  the  thinning  characteristics  of  the  finished  part. 


Deep  Drawing 

While  deep  drawing  studies  have  been  conducted  with  superplastic  metals,  this  process  does  not  appear  to  offer 
many  significant  advantages  in  the  forming  of  superplastic  materials.  Deep  drawing  depends  on  strain  hardening  to 
achieve  the  required  formability  and  prevent  thinning  and  rupture  during  forming.  Superplastic  materials  do  not  strain 
harden  to  any  great  extent,  but  depent  on  the  high  strain-rate  hardening  for  their  forming  characteristics,  and  this 
property  teems  to  offer  little  aid  to  deep  drawing. 

The  difficulty  it  that,  in  order  to  draw  in  the  flange,  the  material  in  contact  with  the  punch  nose  as  well  as  that  in 
the  tide  wall  mutt  work  harden  to  carry  the  increasing  stresses  required  to  draw-in  increasing  amounts  of  the  flange.  At 
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superplastic  temperature*,  no  significant  work  hardening  occur*,  and  the  punch  typically  pierce*  the  blank,  or  the  blank 
fail*  in  the  cup  walls  if  the  frictional  constraint  between  the  punch  and  the  blank  it  high.  However,  Oshita  and  Takei 

(21) .  in  studies  on  the  Zn-AI  alloy,  were  able  to  develop  a  maximum  draw  ratio  under  optimized  conditions  of  2:1. 

A  technique  which  tends  to  improve  the  drawability  of  superplastic  alloys  is  that  reported  by  Hawkins  and  Belk 

(22) .  This  method,  illustrated  in  Figure  11,  utilizes  a  punch  cooled  to  a  temperature  below  that  of  the  forming  blank 
whereas  the  hold-down  tooling  is  maintained  at  the  forming  temperature.  In  their  studies,  they  demonstrated  that 
this  differential  temperature  technique  permitted  an  increase  in  the  limiting  draw  ratio  (LOR)  from  less  than  2.4:1  for 
isothermal  conditions  to  more  than  3.75:1  for  the  differential  temperature  method.  The  thinning  characteristics  for 
this  process  are  also  shown  in  the  Figure  11.  Slight  thinning  can  be  seen  to  occur  over  the  (cold)  punch  nose,  and 
substantial  thinning  is  seen  in  the  material  adjacent  to  the  punch,  the  extent  of  which  depends  depends  on  the  blank 
hold-down  load,  but  increases  with  increasing  blank  diameter  (draw  ratio)  and  decreasing  punch  speed.  Since  ironing 
was  not  utilized  in  these  forming  tests,  thickness  increases  were  observed  at  the  greater  distances  from  the  pole  of  the 
cup  where  substantial  draw-in  of  the  material  occured. 

Another  concept  evaluated  to  explore  the  deep-drawing  capability  was  reported  by  Al-Naib  and  Duncan  (23).  This 
method  utilir.j  high  pressure  oil  around  a  blank  perifery  to  aid  in  the  drawing,  and  is  actually  a  combined  extrusion 
and  drawing  process.  In  this  study  the  Sn-Pb  eutectic  was  used  which  permitted  processing  at  ambient  temperature. 
Good  control  of  wall  thickness  was  achieved,  but  the  applicability  of  the  process  to  alloys  requiring  high  temperatures 
has  yet  to  be  demonstrated. 


SPF/DB  Processes 

Recent  developments  have  demonstrated  that  a  series  of  unique  processes  are  available  if  joining  methods,  such  as 
diffusion  bonding  (DB),  can  be  combined  with  SPF,  and  these  processes  are  generally  refered  to  as  SPF/DB  processes 
(12,24,25).  While  DB  is  not  a  sheet  metal  process,  when  it  is  combined  with  SPF  a  dramatic  extension  of  SPF  can 
result  such  that  a  discussion  of  SPF  is  incomplete  without  its  inclusion. 

The  SPF/DB  processes  have  evolved  as  natural  combinations  of  the  SPF  and  DB  processes  since  the  process 
temperature  requirements  of  both  are  similar.  The  low  flow  properties  characteristic  of  the  superplastic  alloys  aids  the 
DB  pressure  requirements,  and  it  is  found  that  many  superplastic  alloys  can  be  diffusion  bonded  under  pressures  in 
the  same  low  range  as  that  used  for  SPF  processing  (ie.,  of  the  order  of  300  to  500  psi).  The  SPF  method  used  with 
SPF/DB  to  date  is  that  of  blow  forming. 

The  resulting  SPF/DB  process  consists  of  the  following  variations:  1.)  Forming  of  a  single  sheet  onto  pre-placed 
details  followed  by  diffusion  bonding  shown  in  Figure  12,  2.)  diffusion  bonding  of  two  sheets  at  selected  locations 
followed  by  forming  of  one  or  both  into  a  die  as  shown  if  Figure  13  (the  reverse  sequence  can  also  be  used),  and  3.) 
diffusion  bonding  of  3  or  more  sheets  at  selected  locations  under  gas  pressure  followed  by  expansion  under  internal  gas 
pressure  which  forms  the  outer  two  sheets  into  a  die.  and,  in  the  process,  the  center  sheet(s)  is  stretched  into  a  core 
configuration  as  shown  in  Figure  14. 

In  order  to  develop  diffusion  bonds  in  predetermined  local  areas,  a  couple  of  different  techniques  has  been  used. 
One  of  these  is  to  use  a  parting  agent,  or  "stop-off"  material,  between  the  sheets  in  the  local  areas  where  no  bonding 
is  desired.  Suitable  stop-off  materials  may  depend  on  the  alloy  being  bonded  and  the  temperature  being  used.  For 
example,  yttria  or  boron  nitride  have  been  succesfully  employed  to  stop-off  titanium  alloys  processed  to  temperatures 
of  at  least  930°C.  Such  stop-off  materials  can  be  suspended  in  an  appropriate  binder  such  an  acrylic.  After  a  DB 
operation,  the  area  of  the  stop-off  pattern  is  not  bonded,  and  gas  can  be  applied  internally  along  this  pattern  thereby 
causing  the  external  sheets  to  be  separated  and  formed  by  expanding  into  a  surrounding  die. 

A  modification  of  the  above  method  is  to  use  a  minimum  of  four  sheets  to  make  a  sandwich  panel,  expanding  the 
external  (eg.,  skin)  sheets  first,  then  then  bonding  (or  welding)  the  inner  two  sheets  to  define  the  core  structure,  and 
finally  expanding  the  core  to  bond  with  the  external  sheets  and  thereby  complete  formation  of  the  sandwich  structure. 
This  sequence  it  shown  in  Figure  15. 


Forming  Equipment  and  Tooling 


The  forming  of  superplastic  sheet  materials  involves  methods  that  are  generally  different  that  those  used  in  other 
more  conventional  sheet  forming  processes,  and  the  forming  environmental  conditions  are  different.  For  these  reasons 
the  equipment  and  tooling  used  are  generally  different. 


Forming  Equipment 

For  the  blow  forming  and  vacuum  forming  methods,  there  is  a  need  to  provide  constraint  to  the  forming  tools 
in  order  to  counteract  the  forming  gas  pressure.  Also,  a  teal  is  generally  required  at  the  interface  between  the  sheet 
and  the  tool  around  the  perifery  in  order  to  prevent  leakage  of  the  gat  pressure.  A  press  it  typically  used  to  meet 
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these  requirements.  Hydraulic  presses  and  mechanical  dampling  systems  have  been  used,  and  each  has  advantages 
and  disadvantages.  The  hydraulic  press  can  be  loaded  and  unloaded  fairly  rapidly,  but  requires  a  significant  capital 
investment.  The  mechanical  clamping  systems  are  much  less  expensive,  but  are  more  cumbersome  to  load  and  unload. 
Recently,  robotic  systems  have  been  coupled  with  a  hydraulic  press  to  aid  the  loading  and  unloading,  and  this  type  of 
advanced  system  is  especially  beneficial  lot  high  temperature  forming  operations  such  as  Ti  alloy  SPF  processing. 

The  hydraulic  presses  used  include  both  single-action  and  multiple-action  systems  (12,13,20).  In  the  single  action 
press,  the  press  acts  to  apply  the  constraining  pressure  only.  In  the  multiple-action  press,  the  press  can  also  move  dies 
into  the  forming  sheet  and  effectively  aid  in  the  control  of  the  thinning  gradients  as  shown  in  Figures  9  and  10. 

The  heating  system  used  must  be  tailored  to  the  temperature  required  and  the  allowable  thermal  gradients.  The 
most  common  heat  source  is  that  electrical  heating,  in  which  resistance  heating  elements  are  embedded  In  ceramic 
or  metal  "pressure  plates"  placed  between  the  tooling  and  the  press  platens.  This  provides  for  good  control  of  the 
temperature,  and  a  clean  source  of  energy.  The  heating  platens  can  be  arranged  in  sections  of  heating  elements,  and 
each  section  can  be  controlled  by  independent  temperature  controllers  to  minimized  thermal  gradients  in  the  forming 
die  assemply.  Significant  thermal  gradients  can  lead  to  excessive  thinning  or  rupture  of  the  sheet  during  forming. 

Tooling  Materials 

The  tooling  used  in  the  SPF  process  is  generally  heated  to  the  forming  temperature,  and  is  subjected  to  internal 
gas  pressure  and  pressing  clamping  loads.  The  internal  gas  pressure  is  typically  less  than  about  500  psi  and  this  is  usually 
not  the  critical  design  factor  for  SPF  tools.  More  important  are  the  clamping  loads  and  thermal  stresses  encountered 
during  heat-up  and  cool-down  and  the  environmental  conditions.  The  thermal  stresses  can  cause  permanent  distortions 
in  the  die,  and  this  is  controlled  by  selection  of  a  material  which  has  good  strength  and  creep  resistance  at  the  forming 
temperature.  Slow  heating  and  cooling  of  the  tooling  can  reduce  the  thermal  stresses.  Materials  with  a  low  coefficient 
of  thermal  expansion  and  those  that  do  not  undergo  a  phase  transformation  during  heating  and  cooling  are  prefered  for 
the  high  temperature  SPF  processes. 

The  environmental  conditions  can  be  severe  for  the  forming  of  high  temperature  materials,  such  as  the  Ti  alloys, 
Fe  alloys,  Ni  alloys,  and  other  high  temperature  metals.  Oxidation  can  alter  the  surface  condition  of  the  tooling,  thereby 
affecting  the  surface  quality  of  the  SPF  part  produced,  and  eventually  affecting  dimensional  characteristics. 

Another  important  environmental  factor  is  that  of  compatability  between  the  superplastic  sheet  and  the  tooling, 
and  the  compatability  of  these  with  stop-off  materials  which  may  be  used.  Interdiffusion  at  this  interface  between  the 
tooling  and  the  sheet  can  result  in  degradation  of  both  of  these  materials.  Reactive  metals,  such  as  Ti  alloys,  are 
especially  prone  to  this  type  of  problem.  Tooling  materials  that  have  been  found  to  be  successful  with  TI  alloys  are  the 
Fe-22Cr-4Ni-9Mn  alloy  and  similar  materials.  Parting,  or  stop-off,  agents  are  also  helpful  in  minimizing  the  interaction, 
and  materials  such  as  boron  nitride  and  yttrium  oxide  have  been  successfully  used.  Generally,  materials  with  a  low  solid 
solubility  in  the  sheet  are  good  canditates  for  compatability. 

A  variety  of  types  of  materials  have  been  used  for  SPF  tooling,  including  metals  and  alloys,  ceramics,  and  graphite 
(26).  The  metal  tools  are  preferred  for  large  part  production,  such  as  100  parts  or  more.  The  graphite  tools  are  suitable 
for  about  100  parts,  and  are  readily  hand  worked  although  there  is  a  problem  with  shop  cleanliness  with  this  material. 
Ceramics  can  be  cast  into  the  shape  desired,  and  are  therefore  inexpensive  for  a  variety  of  large  parts.  The  ceramic  is 
subject  to  cracking  and  rapid  degradation,  and  therefore  requires  frequent  repair.  Ceramic  tools  are  therefore  considered 
for  small  production  quantities,  usually  less  than  about  10  parts. 


Thinning  Charactorlatiem 

In  order  to  take  advantage  of  the  very  high  elongations  possible  with  super  plastic  metals,  it  is  necessary  to  accept 
corresponding  significant  thinning  in  the  sheet  material  which  is  a  natural  consequence  of  the  deformation  conditions. 
For  superplastic  deformation,  elastic  strains  are  negligible,  and  therefore  constancy  of  volume  can  be  assumed.  From  this 
consideration,  the  sum  of  the  plastic  strains  is  zero,  and  tensile  strain  in  one  direction  must  be  balanced  by  compressive 
(negative)  strains  in  another.  The  strains  are: 

<1  +  <2  +  <j  =  0 

where  e  is  the  strain,  and  the  subscripts  indicate  the  principle  directions.  For  example,  in  a  sheet  forming  operation 
under  plane  strain  conditions,  <2  =  0  and  ej  =  — <j.  In  this  case  the  thinning  strain  ("g.  <j)  is  equal  and  opposite  to 
the  longitudinal  tensile  strain,  and  the  thinning  will  therefore  match  the  tensile  deformation.  For  large  tensile  strains, 
the  thinning  will  be  correspondingly  large.  Accordingly,  at  the  thinning  increases,  the  tendency  to  develop  thinning 
gradients  also  increases. 

While  the  superplastic  materials  are  effective  in  resisting  the  necking  process,  they  nonetheless  do  neck  (in  relation 
to  the  m  value),  and  thinning  gradients  do  develop.  Therefore,  in  the  design  and  processing  of  superplastic  formed 
parts,  it  is  important  that  the  thinning  be  understood  and  considered. 
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Thinning  in  Uniaxial  Tensile  Test 

It  has  been  shown  by  a  number  of  investigators  (2, 5, 6-8)  that  superplastic  deformation  occurs  when  m  is  large, 
and  under  these  conditions  the  deformation  process  is  predominately  post-uniform,  in  contrast  to  conventional  metal 
tensile  behavior.  In  most  cases  virtually  all  deformation  is  non-uniform,  and  the  issue  in  the  tensile  behavior  is  the 
extent  of  this  nonuniformity.  The  thinning  in  the  tensile  specimen  can  be  assumed  to  be  the  result  of  a  pre-existing 
inhomogeneity  (7,8)  which  can  grow  under  the  imposed  deformation. 

The  rate  of  thinning  in  the  tensile  specimen  is  therefore  determined  by  the  size  of  the  inhomogeneity,  but  also 
the  m  value.  This  has  been  shown  analytically  (7)  for  an  idealized  tensile  specimen  as  shown  in  Figure  17  containing 
a  geometric  inhomogeneity,  f  (eg  a  machining  defect).  This  analysis  analytically  follows  the  strain  development  both 
intide  and  outside  the  inhomogeneity,  assuming  that  the  applied  load  is  fully  transfered  along  the  length  of  the  specimen, 
and  the  material  obeys  the  following  constitutive^equation: 

o-  =  Kenim 

where  n  is  the  strain  hardening  exponent  (n  is  small  in  this  case).  The  results  of  calculations  using  this  model  are  shown 
in  Figure  18  where  the  strain  in  the  inhomogeneity  is  graphed  as  a  function  of  the  strain  outside  the  inhomogeneity  for 
a  number  of  different  m  values.  The  extent  of  the  thinning  in  the  tensile  specimen  is  shown  to  be  strongly  related  to 
the  m  value,  although  at  all  m  values,  thinning  gradients  will  develop  if  the  strain  is  sufficiently  large.  It  will  be  seen 
that  this  is  also  the  case  for  the  sheet  forming  where  the  inhomogeneity  is  caused  by  stress  gradients  resulting  from 
the  part  geometry  and  tool  interactions.  The  development  of  the  inhomogeneities  in  tensile  specimens  have  also  been 
shown  to  relate  to  the  m  value,  as  shown  in  Figure  19  for  the  Zn-22A1  eutectoid  alloy  (27).  In  this  figure,  the  results 
are  presented  for  the  same  alloy  tested  at  different  strain  rates  for  which  the  m  value  are  known  to  differ. 


Thinning  in  Spherical  Domes 

While  the  thinning  in  superplastic  tensile  test  specimens  is  the  result  of  geometric  inhomogeneities,  the  corre¬ 
sponding  thinning  in  biaxially  farmed  parts  is  usually  the  result  of  local  stress  state  differences  initially  which  then  lead 
to  the  development  of  geometric  inhomogeneities.  In  all  of  these  cases,  however,  it  is  the  difference  in  the  local  stresses 
which  lead  to  strain  rate  gradients,  and  it  is  the  strain  rate  gradients  which  directly  develop  into  thickness  gradients. 
A  major  difference  between  the  tensile  specimen  and  the  part  configuration  is  that,  in  the  former,  the  stress  gradients 
may  be  varied  (ie.,  reduced)  by  dimensional  control  during  machining.  In  the  part  forming,  however,  the  configuration 
determines  the  stress  state,  and  that  is  not  adjustable  without  changing  the  geometry. 

The  concept  of  thinning  during  SPF  processing  is  perhaps  best  understood  for  the  case  of  the  bulging  of  a  sheet 
(15,16,20,28-3*).  In  this  geometry,  there  is  a  stress  state  gradient  from  the  pole  of  the  dome  to  the  edge  as  shown  in 
Figure  20.  If  the  dome  is  assumed  to  develop  into  part  of  spherical  symmetry,  the  stress  state  can  be  readily  described. 
At  the  pole,  the  orthogonal  stresses  are  equal,  and  the  stress  state  is  that  of  equibiaxial  tensile.  At  the  edge  of  the  dome, 
there  is  constraint  around  the  perifery  leading  to  a  plane  strain  stress  state.  Since  the  flow  behavior  of  superplastic 
metals  has  been  found  to  obey  the  von  Mises  criterion  (35),  it  is  helpful  to  examine  the  effective  stress.  o,  which  will 
determine  the  corresponding  strain  rate: 

=  ^|[(<ri  -  •V)1  +  (**  -  +  (<^t  - 

If  it  is  assumed  that  the  through-thickness  stress  is  small  with  respect  to  the  in-plane  stresses,  the  effective  stresses  at 
the  pole  and  the  edge  can  be  expressed  in  terms  of  the  meridianal  strain,  ey,  as  follows: 

dp  =  op 


9t  =  -j -op  =  0.87<ry 

where  o  is  the  stress,  9,  d  and  f  refer  to  the  meridional  circumferential,  and  thickness  directions  respectively.  Therefore, 
the  pole  is  experiencing  a  15%  higher  flow  stress  than  the  edge,  resulting  in  a  higher  strain  rate,  the  initial  magnitude 
of  which  depends  on  the  m  value. 

The  stress  state  difference  between  the  pole  and  the  edge  of  the  dome  is  roughly  the  equivalent  of  the  tensile 
specimen  which  has  a  local  geometric  inhomogeneity,  f,  of  0.13.  The  initial  strain-rate  difference  between  these  two 
areas  it  dependent  on  the  m  value:  the  larger  the  m  the  smaller  the  strain  rate  difference  and  the  less  the  tendency  to 
develop  e  thickness  gradient.  For  example,  the  ratio  of  ie/*p  is  0-87  for  m  =  1  and  the  value  is  0.5  for  m  =  0.5,  both 
for  the  same  initial  effective  stress  difference. 

The  stress  gradient  in  a  forming  dome  therefore  causes  a  more  rapid  thinning  rate  at  the  pole,  and  it  may  be 
expected  that  the  thinning  difference  will  accelerate  with  time,  leading  to  a  thickness  gradient  in  the  formed  dome. 
There  are  abundant  experimental  results  to  show  that  this  is  the  cate,  and  that  the  thinning  gradient  is  a  function 
of  the  m  value.  Profiles  of  thickness  for  bulge-formed  sheets  are  shown  in  Figure  21  for  m  values  of  0.57  and  0.23 
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(28).  The  thickness  gradient  is  in  agreement  with  expectations,  and  the  effect  of  the  high  m  value  to  impede  localized 
thinning  at  the  pole  can  be  seen.  Other  results  are  shown  for  a  titanium  alloy  and  a  stainless  steel  for  which  m  values 
are  0.75  and  0.4  respectively  in  Figure  22  where  the  thickness  strain  is  plotted  as  a  function  of  the  position  along  the 
dome  cross  section  (16).  The  position  along  the  dome  is  measured  as  the  fractional  height,  h/h0,  where  h  is  the  full 
height  of  the  dome  and  h0  is  the  height  on  the  dome  at  which  the  thickness  measurement  is  made. 

A  number  of  analytical  developments  have  been  reported  which  predict  the  thinning  for  superplastic  forming  this 
type  of  geometry  (16,20,30,32-34).  These  models  result  in  relations  for  thicknesses  which  are  not  closed-form,  but 
require  numerical  integration  of  strain  increments.  While  they  are  somewhat  cumbersome,  the  models  do  predict  the 
thinning  characteristics  reasonably  well,  as  can  be  seen  by  the  comparison  of  experimental  and  analytical  data  in  Figure 
23. 

The  theoretical  predictions  can  be  utilized  to  clearly  show  the  influence  of  the  strain  rate  sensitivity  of  flow  stress 
on  the  thinning  gradient.  For  example,  the  thinning  for  a  hemisphere  formed  from  materials  of  differing  m  values  is 
illustrated  in  Figure  22.  In  this  figure,  the  thinning  factor,  s/3,  is  plotted  as  a  function  of  the  fractional  height,  where  s 
is  the  local  thickness  and  s  is  the  average  dome  thickness.  The  maximum  thinning  occurs  at  the  pole  due  to  the  stress 
state  as  mentioned  previously,  and  the  strain  rate  sensitivity  is  a  crucial  parameter  in  determining,  not  only  the  initial 
strain  rate  difference,  but  also  the  subsequent  rate  of  thinning  as  shown  in  Figure  24  where  the  thinning  factor  at  the 
pole  can  be  seen  to  be  increasingly  influenced  by  m  as  the  dome  height  is  increased. 

The  initial  stress  state  differences  and  the  corresponding  strain  rate  differences  along  the  meridian  of  a  forming 
dome  lead  to  a  predictable  thinning  gradient  in  this  type  of  geometry.  The  magnitude  of  the  thinning  gradient,  however, 
is  determined  by  the  strain-rate  sensitivity,  m,  and  the  height  to  which  the  part  is  formed. 


Thinning  in  Rectangular  Shapes 

The  (actors  contributing  to  the  thinning  characteristics  in  rectangular-shaped  parts,  as  well  as  other  shapes,  are 
the  same  as  those  for  the  spherical  dome-shaped  parts  discussed  above.  It  is  the  specific  geometry  that  determines  the 
initial  stress  state  gradients,  and  different  geometries  will  be  expected  to  develop  different  stress  states  in  the  forming 
part. 

The  rectangular  shape  is  one  that  is  common  to  many  parts,  or  sections  of  parts,  and  it  has  therefore  been  studied 
by  both  experimental  and  analytical  methods  similar  to  those  of  the  spherical  dome  (12,17,35).  For  the  long  rectangular 
shape,  there  is  a  plane  stress  state  throughout  the  width  of  the  sheet;  and  for  the  case  where  the  die  entry  radius  does 
not  cause  a  significant  stress  concentration,  the  sheet  will  not  experience  an  initial  stress  state  gradient.  This  case  is 
very  similar  to  that  of  the  tensile  test  in  which  only  thickness  variations,  or  material  inhomogeneities,  will  cause  local 
stress  differences  leading  to  localized  thinning.  Since  these  are  small  in  comparison  to  the  magnitude  of  the  stress 
variation  in  the  forming  dome,  it  may  be  expected  that  the  thinning  gradients  would  be  less  pronounced.  Experimental 
results  for  the  free  forming  cylindrical  section  show  this  to  be  the  case,  as  shown  in  Figure  25a  and  25b,  and  virtually 
no  thinning  gradient  is  seen  for  hemi-cylindrical  shapes. 

Interactions  with  the  tooling  do,  however,  cause  local  stress  variations  which  can  lead  to  thinning  gradients  shown 
in  Figure  25c  and  25d.  This  effect  can  be  considered  as  two  different  types  resulting  from  differet  areas  of  the  die:  1.) 
the  die  surface  at  the  bottom  and  side-wall,  and  2.)  the  die  entry  radius. 

If  we  ignore  for  the  moment  the  die  entry  effects,  the  die  surface  can  be  considered  to  restrict  deformation  in 
the  forming  sheet  where  contact  has  been  made  and  where  friction  is  non  zero.  If  the  friction  is  large,  the  forming 
characteristic  is  as  illustrated  in  Figure  26.  When  the  sheet  make  contact  with  the  die  wall  surface,  the  deformation  in 
that  contact  area  is  restricted,  and  thinning  is  focalized  in  the  non-contact  areas  leading  to  a  greater  degree  of  thinning 
in  the  last  area  to  contact  the  die  than  in  first  areas  to  make  contact  as  illustrated.  This  results  in  a  thickness  gradient 
as  shown  in  Figure  27,  for  a  Ti  alloy  part  formed  in  a  die  with  no  lubricating  compounds  present. 

This  type  of  thinning  is  readily  predicted  analytically  if  it  is  assume  that  the  sheet  "sticks”  to  the  die  surface  after 
contact  is  made  by  using  an  incremental  method  (17).  Results  of  this  type  of  model  show  that  there  are  a  variety  of 
thinning  variations  corresponding  to  various  width  and  depth  ratios  of  the  rectangular  shape  as  shown  in  Figure  28.  It 
is  apparent  from  this  figure  that  the  narrow  and  deep  parts  develop  the  greatest  amount  of  thinning.  It  is  interesting 
to  note  that  in  this  specific  case,  the  thickess  profiles  can  be  predicted  quite  well  without  referring  to  the  strain  rate 
sensitivity,  m.  This  is  the  result  of  the  dominant  effect  of  the  die  friction  coupled  with  the  uniform  initial  stress  state 

If  the  interfacial  friction  is  reduced,  the  thinning  gradient  will  be  reduced  in  the  side-wall  and  bottom  areas,  since 
continued  deformation  after  die  contact  is  possible.  An  example  of  the  thinning  in  a  formed  rectangular  Ti  part  is 
shown  in  Figure  29  for  which  forming  was  conducted  with  a  boron  nitride  solid  lubricant  (12,17). 

A  die  entry  radius  causes  a  local  stress  concentration  in  the  forming  sheet  which  then  creates  a  stress  state  gradient 
in  the  forming  sheet,  and  this  can  lead  to  localized  thinning,  especially  if  the  die  radius/sheet  thickness  ratio  is  small 
and  if  the  surface  is  lubricated.  The  source  of  the  stress  concentration  is  the  back-pressure  exerted  by  the  die  radius 
on  the  forming  sheet,  and  the  gas  pressure  on  the  opposite  side  of  the  sheet  from  the  die.  The  pressure  exerted  by  the 
die  radius  has  been  shown  to  be  (17): 

Ovjh 

Pr  =  "fiT 
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where  pr  is  the  pressure  of  the  die  entry  radius,  is  the  in-sheet  stress  in  the  width  direction,  h  is  the  sheet  thickness, 
and  ft]  is  the  die  entry  radius.  This  and  the  applied  gas  pressure,  g,  develop  an  average  through-thickness  stress  oj,  of: 

°h  =  iJYL 

The  magnitude  of  <ru  will  be  dependent  on  the  local  friction  coefficient,  pr,  and  the  position  on  the  radius,  so  that  the 
effective  stress  will  vary  around  the  die  entry  radius.  A  detailed  analytical  model  of  this  somewhat  complex  condition  is 
presented  elsewhere  (17),  but  it  has  been  shown  that  a  local  stress  increase  is  developed  in  this  area  causing  a  tendency 
to  thin  locally;  and  if  the  friction  is  sufficiently  low,  the  initially  thinned  section  can  continue  to  thin  after  die  contact  is 
made.  Thus,  significant  localized  thinning  can  occur,  and  even  rupture  may  take  place  if  the  conditions  are  sufficiently 
severe. 

Thinning  over  the  die  entry  radius  is  the  result  of  stress  gradients,  and  therefore  the  strain  rate  sensitivity  exponent, 
m,  is  an  important  parameter  in  determining  the  extent  of  thinning  that  will  develop.  The  influence  of  these  variables 
is  illustrated  in  Figure  30  for  a  Ti  alloy  part  formed  under  the  indicated  conditions  of  lubrication  and  strain  rate.  The 
strain  rate  variations  resulted  in  corresponding  variations  in  the  m  value  during  the  respective  forming  process.  The 
thinning  for  the  unlubricated  part  is  in  agreement  with  that  expected  from  the  discussion  in  the  above  section.  For  the 
case  where  lubricant  is  used,  the  strain  rate,  which  determines  the  corresponding  m  value,  is  a  factor  in  determining  the 
extent  of  thinning  over  the  die  entry  radius.  The  average  m  value  corresponding  to  the  die  entry  radius  was  higher  for 
the  forming  process  which  developed  the  lower  average  strain  rate,  resulting  in  significantly  reduced  tendency  to  locally 
thin  in  that  area. 


Thinning  Control 

Since  superplastic  formed  parts  typically  are  stretched  to  very  large  elongations,  the  thickness  variations  are 
potentially  large  for  a  part.  It  is  therefore  often  an  important  issue  to  control  the  thickness  variations  in  order  to  meet 
part  tolerance  requirements.  While  it  is  seldom  possible  to  prevent  thickness  variations,  there  are  techniques  which  can 
be  utilized  to  control  this  problem.  In  addition  to  such  methods,  the  designer  can  often  accommodate  variations  in 
thickness  if  he  knows  what  they  may  be  in  advance.  This  latter  approach  is  an  important  and  viable  one,  but  will  not 
be  addressed  here  since  it  is  considered  to  be  beyond  the  scope  of  this  paper. 

The  methods  to  control  thinning  are:  1.)  processing  of  the  superplastic  material  to  achievr  high  m  value,  2.) 
use  of  surface  lubrication  as  discussed  above,  3.)  use  of  thermo-forming  methods  to  control  the  loca.ized  deformation, 
4.)  modification  of  the  die  or  part  design  to  minimize  local  stress  concentrations,  5.  forming  a  thickness-profiled  sheet 
and  6.)  application  of  pressure  in  a  controlled  and  profiled  manner  to  control  strain  rate  to  a  value  corresponding  to  a 
high  m  value.  Since  the  raw  sheet  material  is  generally  obtained  from  a  commercial  supplier,  the  material  superplastic 
properties  are  under  control  of  the  mill.  However,  it  may  be  judicious  for  the  forming  plant  to  obtain  material  under 
control  of  an  appropriate  specification.  The  effect  of  lubrication  was  discussed  above,  along  with  the  effect  of  the  die 
entry  radius  which  may,  in  some  parts,  be  increased  to  minimize  the  thickness  gradients. 

The  thermo-forming  method  (14,20)  has  been  shown  to  offer  effective  techniques  which  can  control  the  thinning 
gradients  in  single-pocketed  deep-drawn  parts.  With  these  methods,  a  moveable  tool  is  usually  used  to  contact  the 
forming  sheet  before  the  finished  shape  is  produced,  causing  the  local  friction  to  minimize  deformation  in  some  locations 
while  free  forming  sections  continue  to  deform. 

Examples  of  the  use  of  thermo-forming  techniques  was  demonstrated  by  Johnson  et  al  (20)  using  an  apparatus  as 
shown  in  Figures  31  and  32.  The  test  rig  used  by  these  investigators  consisted  of  two  cylindrical  chambers,  each  190 
mm  (7.5  in)  inside  diameter  by  178  mm  (7  in)  deep,  and  a  hydraulic  ram  positioned  in  the  bottom  chamber  which  was 
capable  of  moving  up  and  down.  The  material  used  was  Zn-22AI-1.5Cu  sheet  1.27  mm  (0.50  in)  thick.  For  the  convex 
upward  die,  the  deformation  was  restricted  in  the  center  of  the  sheet  and  concentrated  at  the  outer  area,  resulting  in  a 
strain  and  thickness  profile  as  shown  in  the  Figure  33  where  the  lop  center  can  be  seen  to  be  thicker  than  the  adjacent 
areas.  This  thickness  profile  was  substantially  modified  by  the  use  of  a  concave  upward  die  as  shown  in  the  Figure  34. 
In  this  case  the  superplastic  diaphragm  is  formed  down  into  the  concave  die  by  gas  pressure,  and  the  die  was  slowly 
withdrawn  until  it  reached  the  bottom.  The  pre-formed  diaphragm  was  then  formed  into  the  upper  cylindrical  chamber 
in  the  same  manner  as  that  of  the  previous  figure.  The  resulting  profile  is  seen  to  be  considerably  more  uniform  across 
the  top  of  the  part. 

The  use  of  thickness  profiled  sheet  is  one  that  has  been  suggested  to  control  the  thickness  in  the  final  part  (32). 
The  concept  considers  that  the  initial  thickness  variations  can  be  used  to  offset  the  subs  quent  variations  resulting  from 
the  stress  state  and  part  geometry  effects  on  the  thinning  as  shown  in  Figure  35.  If  areas  which  will  thin  excessively 
are  thicker  than  surrounding  areas,  it  is  possible  to  develop  finished  part  thickness  profiles  that  are  more  uniform  than 
those  formed  of  constant  thickness  sheet. 
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Pressure  Profiling 

It  is  now  well  recognized  that  the  m  value  for  superplastic  alloys  will  vary  with  strain  rate,  and  often  it  will  vary 
also  with  strain.  The  strain  rate  imposed  during  the  forming  process  will  therefore  determine  the  m  value,  and  if  the 
strain  rate  varies  during  the  forming  process,  the  corresponding  m  value  and  related  thinning  uniformity  will  also  vary. 
For  example,  the  simplest  pressurization  concept  for  SPF  processing  is  that  of  constant  pressure.  The  resulting  strain 
rate  for  a  spherical  dome  part  configuration  has  been  shown  (15)  to  be  as  much  as  three  orders  of  magnitude.  A  graph 
of  the  predicted  strain  rate  for  a  sherical  dome  which  will  be  uniform  generated  under  constant  pressure  for  such  a 
part  is  shown  in  Figure  36.  The  strain  rate  drops  to  0.001  of  the  initial  value  when  the  part  becomes  a  hemisphere. 
As  can  be  seen  in  Figure  3,  the  m  value  for  a  typical  superplastic  alloy  can  vary  from  a  maximum  in  m  to  values  less 
that  0.2  over  strain-rate  ranges  of  this  magnitude.  The  consequence  of  forming  a  part  under  these  conditions  is  that 
excessive  thinning  or  part  rupture  during  forming  are  likely.  While  the  strain  rate  corresponds  to  a  large  m,  good  thinning 
resistance  is  maintained.  However,  this  would  be  transient,  and  other  strain  rates  would  be  encountered  corresponding 
to  low  m  values,  and  poor  resistance  to  localized  thinning  would  be  present. 

This  condition  can  be  rectified  if  the  strain  rate  can  be  maintained  at  a  constant  level  corresponding  to  a  suitably 
high  m  value.  Since  the  constant  pressure  is  seen  to  develop  a  variable  strain  rate,  it  is  apparent  that  a  variable  forming 
pressure  would  be  required  to  develop  a  constant  strain  rate.  Such  pressure  profiles  have  been  established  analytically 
for  the  spherical  dome  (15,16)  and  the  rectangular  shaped  (17)  part  configurations.  Since  most  of  the  analytical  models 
of  the  SPF  process  utilize  the  applied  gas  pressure  to  establish  the  current  stress  and  strain-rate  conditions,  it  is  possible 
to  utilize  these  same  models  to  adjust  the  current  gas  pressure  to  develop  the  desired  stress  and  strain  rate. 

The  resulting  pressure  profiles  for  constant  strain-rate  forming  of  the  spherical  dome  and  the  rectangular  parts  are 
illustrated  in  Figures  37  and  38  respectively.  It  is  typical  that  the  pressure  initially  rises  rapidly  followed  by  decrease.  The 
rapid  initial  rise  is  due  to  rapid  decrease  in  the  radius  of  curvature  with  little  change  in  thickness,  and  the  subsequent 
decrease  is  the  result  of  thinning  which  is  more  rapid  at  this  stage  than  the  change  in  radius  of  curvature.  The  depth 
to  which  a  part  is  formed  will  also  affect  the  pressure  profile  for  constant  strain  rate  control,  as  shown  in  Figure  39  for 
a  rectuanguiar  part  with  formed  with  no  lubrication.  For  a  shallow  part  (W  =  12in),  the  applied  pressure  never  reaches 
a  maximum,  but  continues  to  rise  during  the  forming  process.  For  a  deep  part  (W  =  2in),  the  pressure  is  decreased  for 
a  significant  time  period  before  being  increased  to  high  levels. 


Cavitation  and  Cavitation  Control 

Most  superplastic  alloys  tend  to  form  voids,  or  cavities,  at  intergranular  locations  during  the  superplastic  defor¬ 
mation.  This  process  is  termed  "cavitation".  The  cavitation  can  lead  to  degradation  of  strength  and  other  design 
properties,  and  is  dealt  with  in  one  of  two  ways:  1.)  establish  reduced  design  properties  or  2.)  utilize  a  "back-pressure” 
technique  to  control  cavitation. 

Typical  cavitation  as  a  function  of  strain  is  shown  for  an  aluminum  alloy  in  Figure  40.  It  can  be  seen  that  the 
absolute  amount  of  cavitation  in  terms  of  the  volume  fraction  is  not  large  but  depends  on  the  strain  imposed.  The 
use  of  the  back  pressure  concept  imposes  a  hydrostatic  pressure  on  the  sheet  during  forming,  and  if  this  pressure  is  of 
the  order  of  of  the  flow  stress,  cavitation  can  be  reduced  or  completed  suppressed.  An  example  of  the  effect  of  back 
pressure  on  the  rate  of  development  of  cavitation  is  shown  in  Figure  41. 

In  practice,  the  back  pressure  is  achieved  by  imposing  a  pressure  on  the  back  side  of  the  sheet,  to  oppose  the 
forming  pressure,  and  sustain  this  pressure  during  the  forming  cycle.  The  forming  pressure  must  be  higher  that  the 
back  pressure,  and  the  same  forming  rates  can  be  achieved  with  as  without  back  pressure  if  the  pressure  differential  is 
the  same.  For  example,  if  a  pressure  profile  is  desired,  such  as  that  shown  in  Figure  37  or  38,  the  pressure  profile  is 
simply  raised  in  magnitude  by  an  amount  equal  to  the  back  pressure.  Since  the  back  pressure  is  normally  of  the  order 
of  the  material  flow  properties,  pressures  of  about  100  to  500  psi  are  generally  suitable  to  suppress  cavitation. 


Summary  and  Conclusions 

The  SPF  process  is  unique  in  terms  of  the  complexity  of  parts  that  can  be  produced  and  the  methods  which  can 
be  used  to  shape  such  a  material.  A  number  of  processing  methods  are  currently  being  used,  most  of  which  involve 
significant  stretching  of  sheet  material.  The  high  ductility  which  can  be  achieved  with  these  types  of  materials  also 
has  a  consequence  that  must  be  understood  and  dealt  with,  ie.,  that  of  thinning  gradients.  The  thinning  gradients  are 
a  natural  consequence  of  the  stress  gradients  that  develop  in  the  various  die  configurations,  and  it  is  the  superplastic 
property  of  strain  rate  sensitivity  of  the  flow  stress  that  then  determines  the  subsequent  thinning  gradient  that  will 
result  in  the  part.  Control  of  the  forming  process,  die  configuration,  and  material  characteristics  are  all  factors  which 
can  affect  the  thinning. 

The  SPF  processes  are  being  using  increasingly  for  a  wide  range  of  structural  and  non-structural  applications.  The 
availability  of  superplastic  alloys  is  considered  to  be  a  major  impediment  to  the  broader  use  of  these  processes,  but  it 
may  expected  as  the  use  of  the  technology  increases,  more  and  perhaps  better  superplastic  alloys  will  become  available. 
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Fig.  1.  Tonsils  fracture  strain  va.  Initial  strain  rata  for  a  Zn-22AI  alloy  having  a  grain  size  of  2.5pm 
tasted  at  temperatures  in  the  range  of  423  to  503  K. 


Fig.  2.  Log  stress  vs.  log  strain  rata  for  T1-8AI-4V  at  927  C. 


10'  10' 
STRAIN  RATI  (S'1) 


Fig.  3.  m  vs.  log  strain  rata  for  TI-6AI-4V  at  927  C.  This  curve  corresponds  to 


AL/L0 % 

Fig.  A.  m  vs.  elongation  for  a  number  of  alloys  (5). 
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Fig.  5.  Elongation  as  a  function  of  temperature  over  a  temperature  range  Including  superplastic  defor¬ 
mation,  for  the  TI-6AI-4V  alloy  tested  at  a  strain  rate  of  8.3x10~4  (9). 


Fig.  6.  Illustration  of  the  blow  forming  technique  for  superplastic  forming.  The  sequence  a.  through  d. 
Indicates  the  progression  of  forming  with  increasing  time. 
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SUPERPLASTIC  SHEET 


V,  ^ -  CASKET  (SUPERPLASTIC  ALLOY) 
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SUPERPLASTIC  SHEET 


Fig.  7.  Illustration  of  various  sealing  methods  which  have  been  used  around  the  sheet  to  provide  for  a 
pressure  seal  suitable  for  containing  the  gas  pressure  during  forming.  The  sections  a.  and  b.  utilize 
'seal  beads”  machined  Into  the  tooling,  and  c.  shows  the  use  of  a  superplastic  frame  used  as  a  soft 
gasket. 
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nacelle  f  raise  Conpamoa 


SHEET  METAL 
1  PARTS 
H  FASTENERS 
MANY TOOLS 
COST  P2MO  AVERAOC 


SUPER  PLASTICALLY  FORMED 
ONE  PART 
NO  FASTENERS 
ONE  "TOOL- 
COST  *1100  AVERAGE 


Fig.  8.  An  aircraft  nacelle  frame  which  was  redesigned  from  a  conventional  configuration  to  one  suitable 
for  superplastic  forming  and  one  which  uses  fewer  parts  and  fasteners.  The  part  was  fabricated  from 
TI-6AI-4V. 


Fig.  9.  Examples  of  thermo-forming  methods  used  for  superplastic  forming,  involving  a.  "plug-assisted 
forming"  into  a  female  die  cavity,  and  b.  "snap-back  forming"  over  a  male  die  which  is  moved  up  into 
the  sheet. 


Fig.  10.  Thermo-forming  methods  which  use  gas  pressure  and  movable  tools  to  produce  parts  from 
superplastic  alloys.  Both  female  and  mate  movable  dies  have  been  employed  as  shown. 
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■LANK  DtA:  2.36  In. 
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(ATTIR  HAMKIRS  6  KLK) 


Fig.  11.  Sketch  of  the  punch  forming  set-up  for  deep  drawing  a  superplastic  sheet.  Also  shown  are  the 
thinning  profiles  resulting  from  deep  drawing  with  blank  holder  loads. 
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Fig.  12.  Drawing  of  the  cross  section  of  the  SPF  process  combined  with  diffusion  bonding  (SPF/DB).  The 
process  shown  utilizes  pro-placed  details  to  which  the  superplastic  Is  bonded. 
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Fig.  13.  Illustration  of  (ho  SPF/DB  process  for  two-shoot  parts. 
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Fig.  14.  Illustration  of  the  SPF/DB  process  tor  three-sheet  parts. 


d. 


Fig.  15.  Example  ot  a  tour-sheet  SPF/DB  process  in  which  the  outer  sheets  are  formed  first  and  the 
center  sheets  are  then  formed  and  bonded  to  the  outer  two  sheets. 


Fig.  IS.  Examples  of  sandwich  configurations  producible  by  the  SPF/DB  process  using  three  or  more 
sheets  of  a  superplastic  alloy. 


GEOMETRIC  IMPERFECTION  IN  A  TENSILE  SPECIMEN 


SECTION  2 
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Fig.  17.  Geometric  Inhomoganalty  In  a  tenslta  tpadman. 
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Fig.  IS.  Calculated  (train*  ln*ida  and  outaida  an  inhomogeneity  In  a  tensile  specimen,  such  a*  that  in 
Fig.  17,  for  various  m  values. 
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Fig.  19.  Local  elongation  gradient*  In  tensile  specimen*  of  the  Zn-AI  alloy  after  testing  within  the 
superplastlc  strain  rate  rang*  (Region  II)  and  outside  the  superplastlc  strain  rat*  range  (Regions  I  and 
III). 


Fig.  20.  Sketch  of  a  spherical  dome  Indicating  the  range  of  stress  states  existing  between  the  pole  and 

the  edge. 


Fig.  21.  Experimentally  observed  thickness  profiles  for  a  hemispherical  dome  formed  from  materluls 
with  different  m  values. 
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Fig.  22.  Thickness  strain  as  a  function  of  the  fractional  height  for  dome-shaped  parts  formed  from  a 
stainless  steel  with  an  m  value  of  0.4  and  a  titanium  alloy  with  an  m  value  of  0.75.  (16) 


Fig.  23.  Theoretical  relations  for  a  hemisphere  showing  the  thinning  factor  as  a  function  of  the  fractional 
height  for  a  range  of  m  values  for  0.3  to  1.0.  (16) 


Fig.  24.  Theoretical  curves  showing  the  thinning 
factor  at  the  pole  as  a  function  of  the  bulge  height-to- 
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Fig.  25.  Thinning  development  in  a  superplastic  formed  Ti-8  A1-4V  part  of  rectangular  cross  section  and 
semi-infinite  length. 


Fig.  25.  Illustration  of  thinning  characteristics  In  the  blow  forming  of  an  unlubrfcated  part  of  rectangular 
cross-section  and  semi-infinite  length. 


Fig.  27.  Observed  and  predicted  thinning  profiles  in  an  unlubricated  blow-formed  TI-6AI-4V  alloy  part  of 
rectangular  cross  section. 


Fig.  28.  Predicted  minimum  Ihlcknatsei  as  function  of  tha  width-to-depth  (w/h)  ratio  for  unlubricated 
blow-formed  parts  of  rectangular  cross  section. 


Fig.  30.  Obserred  thickness  distribution  for  parts  formed  at  10  3  s  1  with  boron  nitride  lubrication. 


Fig.  32.  Apparatus  for  thermo-forming  suparplaatlc  sheet  materials  using  a  concave  die  member  to 
control  thinning  in  forming  of  a  "hat”  configuration.  (20) 
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Fig.  33.  Thickness  profile  for  "hat*  configuration  formed  with  a  convex  die  member  as  shown  In  Fig.  31. 
(20) 
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Fig.  34.  Thickness  profile  for  "hat”  configuration  formed  with  a  concave  die  member  as  shown  in  Fig. 
32.  (20) 


* 


Fig.  35.  Sketch  of  the  concept  of  forming  a  sheet  material  which  has  a  thickness  profile  before  forming. 
(32) 


Fig.  38.  Ratio  of  the  current  to  Initial  strain  rate  as  a  function  of  non-demens lonal  height  for  a  constant 
pressure  application  In  the  forming  of  a  hemispherical  configuration.  (15) 


Fig.  37.  Ratio  of  current  to  Initial  pressure  as  a  function  of  a  time  parameter  for  forming  a  spherical 
configuration  under  constant  strain  rate  conditions.  (IS) 


Fig.  38.  Analytically  predicted  pressure  »a.  time  for  a  constant  strain  rata  In  the  forming  of  a  long 
rectangular  part.  (12) 


Fig.  39.  Analytically  predicted  pressure  profiles  for  constant  strain  rate  forming  of  long  rectangular  parts 
of  different  cross  section  width  and  height  dimensions.  (12) 
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Fig.  40.  Development  of  cavitation  with  uniaxial  tensile  strain  in  a  7475  Ai  alloy  deformed  at  516  C  under 
a  constant  strain  rate  of  2x1 0~ 4  s_1. 
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Fig.  41 .  Effect  of  hydrostatic  pressure  on  the  suppresion  of  cavitation  in  7475  AI  superplastically  deformed 
at  516  C. 
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ABSTRACT 

A  review  is  presented  of  new  events  in  the  development  and  modelling  of  superplastic  materials. 
Over  the  last  several  years,  superplasticity  has  been  developed  in  fine  microstructures  in 
microduplex  stainless  steels,  aluminum-lithium  alloys,  mechanically  alloyed  aluminum,  silicon 
carbide  whisker-reinforced  aluminum  alloys,  aluminum-magnesium  alloys,  and  nickel  alloys.  In 
the  latter  three  cases,  the  phenomenon  is  observed  at  high  strain  rates  by  comparison  with  most 
superplastic  alloys.  In  a  major  breakthrough,  a  ceramic  (yttria  stabilized  zirconia)  and  a 
ceramic  composite  (yttria  stabilized  zirconia  containing  alumina)  have  been  shown  to  be 
superplastic  in  tension  tests.  Superplastic  behavior  in  iron  carbide  has  also  been  observed. 
Superplastic  studies  are  also  underway  in  interraetallics  such  as  nickel  silicides,  nickel 
aluminides,  and  titanium  aluminides .  New  insights  are  becoming  apparent  in  the  area  of 
modelling  superplastic  behavior  by  the  integration,  into  existing  models,  of  new  concepts  based 
on  grain  boundary  sliding  accommodated  by  slip  and  the  influence  of  threshold  stresses 
associated  with  grain  boundary  sliding.  Newtonian-viscous  flow  can  be  approached  in  fine¬ 
grained  Class  I  solid  solution  alloys.  Significant  advances  have  also  been  made  in 
understanding  internal  stress  superplasticity;  recent  examples  include  zinc,  alpha-uranium, 
zinc-alumina  composites  and  silicon  carbide  whisker  reinforced  aluminum  alloys.  A  new  model  has 
been  proposed  for  internal  stress  superplasticity.  In  other  major  developments,  the  mechanisms 
of  superplasticity  have  been  successfully  applied  to  consolidation  of  powders  and  superplastic 
behavior  has  been  developed  in  ferrous-based  laminated  composites.  Finally,  some  neglected 
areas  offering  the  potential  for  superplastic  flow  are  reviewed. 

INTRODUCTIOII 

It  is  often  thought  that  superplasticity  is  a  recently-discovered  phenomenon.  The  history  of 
superplasticity,  however,  may  date  back  to  the  early  Bronze  period  (about  2200  BC) .  For 
example,  Geckinli  (1)  has  speculated  that  the  ancient  arsenic  brasses,  containing  up  to  10  wt% 
As,  used  in  Turkey  in  the  early  Bronze  period,  could  have  been  superplastic.  This  is  because 
these  materials  are  two-phase  alloys  that  may  have  developed  the  required  stable  fine-grained 
superplastic  structure  during  hand  forging  of  intricate  shapes.  Furthermore,  the  ancient  steels 
of  Daaiascus,  in  use  from  300  BC  to  the  late  19th  century  (2,3),  are  very  similar  in  composition 
to  modern  ultrahigh  carbon  steels  that  have  recently  been  developed,  in  large  part,  for  their 
superplastic  characteristics  (4,5). 

Me  believe  that  1989  is  the  seventy-seventh  anniversary  of  the  first  published  report  on 
superplasticity.  During  the  course  of  our  own  research  into  the  history  of  Damascus  steels,  we 
came  across  a  paper  published  in  1912,  by  Bengough  (6),  that  contains  the  first  description  of 
superplasticity  in  a  metallic  material.  Bengough  describes  how  "a  certain  special  brass  which 
he  had  examined  pulled  out  to  a  fine  point,  just  like  glass  would  do,  having  an  enormous 
elongation.”  The  quote  was  made  by  Bengough  in  a  written  discussion  following  a  paper  by 
Rosenhain  and  Ewen  (7)  on  the  "amorphous  cement"  theory.  Examination  of  the  original  work  by 
Bengough  (6)  shows  that  the  special  brass  was  an  a  +  p  brass  and  exhibited  a  maximum  elongation 
of  165%  at  700*C.  It  ia  of  interest  to  note  that  rather  similar  materials  have  been  processed 
to  be  superplastic  in  recent  times.  For  example,  Cu-40%Zn  brasses  have  been  developed  for 
superplasticity  in  the  temperature  range  600-800°C  (8)  .  Following  the  observation  of  Bengough, 
only  sporadic  studies  were  carried  out,  as  reviewed  by  several  authors  (8-10),  until  the  work  of 
Backofen  and  his  colleagues  (11)  in  1964.  At  this  time,  the  superplastic  characteristics  of  a 
Zn-Al  alloy  were  demonstrated  and  described.  The  current  strong  interest  in  superplasticity  can 
be  traced  back  to  this  work. 

Superplasticity,  then,  is  the  capability  of  certain  polycrystalline  materials  to  undergo 
extensive  tensile  plastic  deformation,  often  without  the  formation  of  a  neck,  prior  to  failure. 
The  subject  of  superplasticity  in  metal  alloys  has  been  reviewed  extensively  (8-10,12).  In 
certain  metal  alloy  systems,  tensile  elongations  of  thousands  of  percent  have  been  documented. 
In  fact,  the  subject  is  of  sufficient  general  scientific  interest  that  a  world  record  has  been 
recognized  for  the  phenomenon  in  metal  alloys  (13).  Recently,  the  world  record  of  4,850%  in  a 
Pb-62wt!Sn  alloy  (14)  was  exceeded  in  a  commercial  aluminum  bronze  (Cu-10wt%Al  based  alloy)  by  a 
value  reported  as  5,500%  (15,16).  Both  these  samples  are  shown  in  Fig.  1.  It  has  recently  been 
brought  to  our  attention  that  the  record  has  since  changed  hands  twice,  with  a  value  of 
elongation-to-failure  of  7,550%  now  claimed  in  the  Pb-Sn  system  (17)  and,  most  recently,  a  value 
of  about  8000%  in  commercial  aluminum  bronze  (18) . 


Despit*  thea*  large  elongation  values*  of  many  thousand  percent*  moat  superplastic  alloys 
exhibit  optimum  tensile  elongations  of  about  300  to  10001.  This  range  of  values  is  sore  than 
sufficient  to  nek*  extremely  coeplex  shapes  using  superplastic  forming  technology  (12) .  It 
should  be  recognised  that  high  values  of  the  strain  rate  sensitivity  exponent,  *,  are  also 
required  in  order  for  uniform  thinning  to  accompany  high  tensile  elongations.  Large  cost  and 
weight  savings  (through  redesign)  have  provided  the  driving  force  in  commercial  manufacturing 
for  the  change  from  conventional  to  superplastic  forming.  The  principal  alloy  systems  which 
have  been  exploited  commercially  for  superplastic  forming  are  those  based  on  nickel,  titanium, 
and  aluminum  (12).  Interest  in  superplaaticity  and  in  superplastic  forming,  as  measured  by  the 
increase  in  published  papers  on  the  subject,  is  on  the  Increase  as  shown  in  rig.  2.  Also  shown 
on  the  'igure  are  some  key  events  in  the  recent  history  of  the  development  of  superplasticity. 

Since  the  1982  International  Conference  on  Superplastic  Materials  in  San  Diego  (12),  a  number 
of  other  international  symposia  have  been  held.  Superplastic  forming  was  the  topic  of  a 
symposium  held  in  Los  Angeles  in  1984  (19) .  A  conference  on  superplastic  aerospace  aluminum 
alloys  was  held  in  Cranfield,  United  Kingdom,  in  July  1965  (20),  and  a  general  conference  on 
superplasticity  was  held  in  Grenoble,  France,  in  September  1965  (21)  .  AGARD  has  selected 
superplasticity  as  one  of  their  lecture  series  in  1967  (22)  .  Bilateral  symposia  on 
superplasticity  between  China  and  Japan  have  been  held  in  Beijing  in  1965  (23)  and  in  Yokohama 
in  1986  (24) .  In  the  first  Cino-Japan  syaposium,  32  separate  papers  were  presented  over  a  4-day 
period  with  considerable  emphasis  placed  on  superplastic  ferrous  and  aluminum  base  alloys.  Both 
the  Chinese  and  Japanese  Governments  have  selected  superplaaticity,  in  1980,  for  intense 
national  resea  :h  and  developsMnt  studies.  They  envision  superplaaticity  "as  a  future 
technology  into  the  next  century."  An  international  conference  on  superplaaticity  held  in 
Blaine,  Washington,  in  August,  1966  (25),  had  a  large  number  of  delegates  from  Iron  Curtain 
countries  including  five  from  the  Soviet  Union.  The  Soviet  delegation  was  headed  by  Professors 
0.  Kabaiyshev  and  O.  Smirnov.  Kabaiyshev,  author  of  a  book  on  comswrcial  superplastic  alloys 
developed  in  the  Soviet  Union  (20,  is  director  of  an  Instituta  on  Superplaaticity  involving 
over  200  personnel.  Smirnov  is  program  director  of  a  30-person  effort  on  superplaaticity  at  the 
Moscow  institute  for  steels  end  alloys.  Bochvar,  son  of  A. A.  Bochvar,  who  davaloped  tha  first 
commercial  superplastic  alloys  (27)  based  on  the  Zn-Al  monotectoid  composition,  also  attended 
the  conference. 
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Superplastic  materials  exhibit  high  values  of  strain  rate  sensitivity,  m,  in  the  equation 
where  o  is  the  true  flow  str ess,  e  is  the  true  strain  rate,  end  K  is  a  constant.  Ideal  or 
Newtonian  viscous  behavior  is  found  in  materials  where  m-1.  Most  normal  metals  and  alloys 
exhibit  m<0 .2  whereas  superplastic  alloys  have  values  of  m>0.4.  There  are  two  well-established 
types  of  superplastic  behavior  in  polycrystalline  solids.  The  first  type  of  superplastic 
behavior  is  known  as  fine-structure  superplaaticity  (FSS)  -nd  is  described  in  Section  a.  The 
second  type  is  known  as  internal  stress  superplaaticity  <ZSS)  and  is  described  in  Section  B.  In 
the  case  of  FSS  materials,  a  strain  rate  sensitivity  exponent  equal  to  about  0.5  is  usually 
found  and  the  materials  deform  principally  by  a  grain  boundary  sliding  mechanism.  (The 
possibility  does  exist  to  achieve  values  of  m-1  in  FSS  through  the  development  of  fine  grained 
materials  that  incorporate  glide-controlled  slip  in  the  deformation  mechanism  for  accomodation 
of  the  grain  boundary  sliding  process.)  In  the  case  of  ISS  materials,  however,  the  strain  rate 
sensitivity  exponent  is  usually  unity,  i.e.,  they  exhibit  Newtonian  viscous  flow.  These  ISS 
materials  need  not  be  fine  grained,  and  generally  deform  by  a  slip  deformation  mechanism. 

The  concepts  and  principles  described  in  FSS  and  ISS  superplaaticity  have  been  applied  to 
enhanced  powder  consolidation  through  superplastic  flow  and  the  development  of  superplaaticity 
in  laminated  composites  containing  at  least  one  superplastic  component.  These  developments  are 
described  in  Section  C  and  D. 

There  are  other  observations  of  large  tensile  strains  in  metals  that  do  not  fit  into  the  above 
classifications  and  these  are  described  in  Section  E.  Included  are:  (a)  the  observations  of 
superplastic-like  behavior  (up  to  several  hundred  percent)  in  coarse-grained  Class  I  solid 
solutions,  (b)  the  possibility  of  achieving  high  elongations  in  relatively  coarse-grained 
materials  exhibiting  values  of  m-1  at  low  strain  rates  through  Coble  creep  (grain  boundary 
diffusion  controlled),  Nabarro-Herring  creep  (lattice  diffusion  controlled),  and  Harper-Dorn 
creep  (slip  controlled),  and  (c)  the  observations  of  large  plastic  strains  in  Cu  and  A1  under 
the  extremely  high  strain  rates  found  in  anti-armor  shape  charge  liners. 
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Most  crystalline  materials  that  are  superplastic  have  this  unique  property  because  they  are 
fine-grained.  The  most  common  superplasticslly-formed  products  are  made  from  fine  grained 
sheets.  The  principal  method  is  by  blow  forming,  in  which  gas  pressure  is  applied  on  one  side 
of  a  sheet,  whereby  the  sheet  plastically  flows  into  a  die  of  predetermined  shape  and 
complexity.  Recent  examples  of  superplastically  formed  components  inc'.ud*  a  parachute  head  box 
made  from  an  Al-Li  alloy  of  composition  2.6%  Cu,  2.4%  Li  and  0.18%  Zr;  this  alloy  is  of  special 
interest  because  of  its  pre -commercial  status  as  Al-2090  (28)  .  Another  area  of  superplastic 
forming  of  sheet  materials  is  that  of  stainless  steel  components  for  sanitary  ware  in  commercial 
aircraft.  The  steels  are  25%Cr-5%Ni  microduplex  alloys  and  these  articles  are  manufactured  by 
Incoform  of  Birmingham,  United  Kingdom.  A  variation  of  the  process  of  gas  pressure  forming  is 
the  combined  supernlast ic-forming  and  diffuaion  bonding  process  (SPF/DB)  .  Many  sandwich 
Structure  products  are  made  by  this  process  with  fine-grained  titanium  alloys,  usually  the  Ti- 
6A1-4V  alloy  (21,29,30).  Diffusion  bonding  is  readily  achieved  because  of  the  fine-grain  size 
and  because  the  oxide  diffuaion  barrier  in  titanium  dissolves  at  the  temperature  of  processing, 
i.e.,  about  925*C. 
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It  i a  quite  well  accepted  that  superplastic  gaa  pressure  forming  of  fine-grained  sheet 
materials  has  come  of  age,  and  is  in  "a  state  of  maturity*  (31) .  Another  method  of 
superplastically  forming  parts  is  by  press-forging  of  bulk  material  into  complex  dies.  Such 
processing  of  ultra-fine  grained  materials  ia  still  in  the  early  stages  of  development.  The 
best  known  example  of  a  product  made  in  this  manner  is  a  disk  with  turbine  blades  made  from  a 
fine-grained  nickel  base  alloy  (32);  an  example  is  shown  in  Fig.  3.  Another  possible 
application  of  press  forging  superplastic  materials  is  the  production  of  gears.  A  bevel  gear 
that  has  been  warm  forged  from  a  fine-grained  ultrahigh  carbon  steel  (UHCS)  is  illustrated  in 
Fig.  4(4).  An  additional  advantage  of  using  superplastic  ultrahigh  carbon  steels  is  that  the 
carburising  step  in  normal  gear  production  is  eliminated.  In  UHC  steels,  the  fine  structure 
developed  for  superplasticity  can  also  lead  to  considerably  better  room-temperature  properties 
than  are  possible  with  traditional  gear  steels.  Manufacture  of  die  components  by  superplastic 
hobbing  is  another  application  which  is  particularly  amenable  to  fine  grained  high  carbon 
steels.  Pearce  and  Miller  (33)  have  performed  investigations  in  this  promising  field. 
Conventional  die  steels  have  been  made  superplastic  by  thermal  cycling  heat  treatments  by  Yang 
Chun-Xiao  and  his  colleagues  (34).  These  steels  exhibit  high  strain-rate  sensitivity  at  600°C 
and  superplastically-f ormed  dies  have  been  made  for  use  in  die  casting  and  in  cold  extrusion 
operations . 

very  limited  quantitative  studies  have  been  made  in  evaluating  the  variables  involved  in 
making  bulk  products  from  superplastic  materials.  It  is  clear,  however,  that  this  field  is 
worthy  of  much  quantitative  study.  Of  special  potential  significance  is  the  possibility  of 
achieving  new  bulk  shapes  through  powder  metallurgy  with  the  use  of  superplastic  fine-structure 
powders.  Another  area  related  to  bulk  forming  is  the  preparation  of  laminated  composites  based 
on  dissimilar  materials  wherein  one  of  the  materials  is  superplastic.  Examples  of  powder 
metallurgy  processing  under  superplastic  conditions,  and  the  preparation  of  laminated  composites 
containing  superplastic  materials,  will  be  described  later  in  the  paper. 

Structural  Prerequisites  for  TSS  Materials. 

The  structural  prerequisites  for  developing  superplastic  materials  have  been  well  established 
for  metal-based,  fine-grained  materials.  They  are,  however,  less  clearly-developed  for  non- 
metallic,  fine-g-ained  materials.  In  the  following,  a  number  of  prerequisites  is  given  for  the 
development  of  fine-structure  superplastic  materials. 

Fine  Grain  Size. 

One  of  the  major  requirements  for  fine  structure  superplasticity  is  that  the  grain  size,  L, 
should  be  small.  Typically,  the  grain  size  should  be  on  the  order  of  1  to  5pm.  This  is  because 
the  strain  rate  increases  with  a  decrease  in  grain  size  when  grain  boundary  sliding  is  the  rate¬ 
controlling  process.  Thus,  grain  size  refinement  represents  a  powerful  method  of  increasing  the 
strain  rate  for  superplastic  forming  of  alloys.  Another  important  attribute  of  achieving  a  fine 
grain  size  is  that,  for  a  given  rate  of  deformation,  the  flow  stress  decreases  as  the  grain  size 
is  decreased.  Hence,  only  low  applied  forces  need  to  be  applied  during  bulk  superplastic 
forming  thereby  reducing  costs  in  energy  and  in  die  wear. 

Presence  of  Second  Phase. 

Almost  invariably,  it  is  very  difficult  to  observe  superplasticity  in  single  phase  materials 
because  grain  growth  is  too  rapid  at  temperatures  where  grain  boundary  sliding  occurs. 
Therefore,  in  order  to  maintain  a  fine  grain  size  in  the  supe-olast ic  forming  range,  the 
presence  of  a  second  phase  at  grain  boundaries  is  required.  For  tnis  reason,  many  superplastic 
materials  are  based  on  eutectoid  (e.g.,  Fe-Fe^£) ,  eutectic  (e.g.,  Al-Ca)  or  monotectoid  (e.g., 
Zn-Al)  compositions.  These  materials  can  be  thermomechanically  processed  to  develop  fine, 
equiaxed,  two  phase  structures.  Inhibition  of  grain  growth  is  usually  improved  if  the  quantity 
of  second  phase  is  increased,  provided  that  the  size  of  second  phase  is  fine  and  its 
distribution  is  uniform  (e.g.,  hypereutectoid  Fe-Fe^:  alloys).  The  only  ceramic-base  materials 
made  superplastic  to  date  are  based  on  the  above  principle.  An  example  of  such  a  ceramic  is 
yttria-stabilized  tetragonal  zirconia  polycrystal  (Y-TZP)  consisting  of  90%  tetragonal  phase 
zirconia  and  10%  cubic-phase  zirconia.  Wakai  et  al.  (35, 36)  showed  that  this  material,  when 
L  -0.3pm,  was  superplastic  at  1450°C  with  up  to  200%  elongation  and  a  strain-rate-aensitivity 
exponent  of  0.5.  Apparently,  this  technology  is  already  being  used  to  manufacture  ceramic 
components.  Most  recently,  studies  by  Nieh,  McNally,  and  Wadsworth  (37,38)  on  this  material 
have  shown  elongations  of  up  to  800%  in  Y-TZP  and  elongations  of  up  to  500%  on  ceramic 
composites  based  on  fine-grained  zirconia,  e.g.,  20%  Al^>y Y-TZP.  Examples  of  these  results  are 
shown  in  Fig.  5.  Kim  et  al.  (39)  have  acheived  superplaaticity  in  a  fine  grained  iron  carbide. 
Strain  rate  sensitivity  exponents  of  0.5  to  0.7  were  achieved  in  the  temperature  range  from  700 
to  1000*C  at  strain  rates  from  10-4  to  lO'^  s"1.  The  material  was  prepared  from  rapidly 
solidified  powders  of  a  5 .25%C-1 . 5%Cr  hypereutectic  iron.  After  compaction  and  extrusion  at 
1000°C,  the  microstructure  consists  of  80%  of  fine  equiaxed  grains  of  Fe-C  and  20%  of  iron.  The 
microstructure  is  illustrated  in  Fig.  6  and  also  shown  ia  a  sample  deformed  to  610%  elongation, 
at  1025*0,  and  at  a  true  strain  rate  of  1  x  10-4  s'1.  The  grain  size  after  deformation  remains 
equiaxed  and  fine  (T  -  4pm) .  Also,  in  recent  times  the  subject  of  superplasticity  in 
intermetallics  has  started  to  receive  attention.  For  example,  Nieh  and  Oliver  have  achieved  an 
elongation  of  650%  at  1080*C  and  at  a  strain  rate  of  10”^  s'1  in  the  Ni^Si  intermetallic  (40) . 
Other  examples  of  superplasticity  in  intermetallics  are  also  emerging.  In  a  recent  review  by 
Mukherjee  et  al.  (41),  superplastic  behavior  was  reported  in  Ni3Al  based  alloys  (640%),  Ti^Al 
(500%),  and  TiAl  (unspecified  elongation) .  Finally,  in  two  recent  reviews  on  superplastic 
behavior  (41,42)  the  possible  superplastic  behavior  of  geological  materials  has  been  described. 
There  is  evidence  for  both  fine  structure  and  internal  stress  superplastioity  in  these 
materials.  In  fine  structured  geological  materials,  indirect  evidence,  such  as  determination  of 
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Fig.  1  A  auperplastic  elongation  of  4,850% 
in  a  pb-62  wt%  Sn  alloy  U4>  la  demonstrated  by 
the  two  top  aamplea  and  5, 500%  la  demonstrated 
by  the  two  bottom  aamplea  in  a  commercial 
aluminum  bronze  (16) .  The  current  world  record 
ia  about  8000%  in  the  commercial  aluminum 
bronze  (18) . 
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Fig.  2  The  number  of  publicationa  in  auperplaaticity  from  1960  to  the  preaent  time. 


Fig.  3  Net  ahape  forming  of  an  ultcafine- 
grain-aize,  nlckel-baae  alloy  by  auperplaatic 
forming  in  two  atagea.  (Left)  Original  powder 
metallurgy  IN  100  billet.  (Center)  Powder 
metallurgy  billet  preaaed  into  diak  ahape. 
(Right)  diak-ahaped  billet  auperplaatically 
preaaed  into  diak  and  turbine  bladea. 
(Courteay  of  J.  Moore  and  R.  Athey  (32),  Pratt 
and  Nhitney,  Florida  (AT  Contract 
F33615-72-2177] ) . 


Fig.  4  Harm  precision  forging  of  an 
ultrahigh  carbon  steel  (1.25%  C)  billet  into  a 
bevel  gear.  The  forging  temperature  waa  6S0*C. 


stress  exponents  and  microstructure,  has  led  to  the  suggestion  that  superplastic  flow  may  occur 
in  limestones,  MgGe04,  mylonites  (olivine-rich) ,  and  ice.  It  should  be  noted  that  at  the 
extremely  low  strain  rates  of  geological  flow  (as  low  as  10“14s_1) ,  superplastic  mechanisms  may 
operate  at  coarse  grain  sizes  by  comparison  with  conventional  superplastic  materials. 

Strength  of  the  Second  Phaae. 

There  is  evidence  to  suggest  that  the  relative  strengths  of  the  matrix  and  second  phase 
constitute  an  important  parameter  in  the  control  of  cavitation  during  superplastic  flow.  Many 
fine-grained  aluminum-  and  copper-  base  alloys  are  susceptible  to  cavitation  during  superplastic 
deformation  and  this  is  probably  because  of  the  large  difference  in  strength  between  the  matrix 
and  the  second  hard  phase.  On  the  other  hand,  fine-grained  T1-6A1-4V  and  hype reutect old  Fe-Fe^C 
alloys  do  not  exhibit  cavitation.  This  may  be  attributed  to  the  nearly  similar  strengths  of  the 
two  phases  making  up  the  alloys  at  the  temperature  where  superplastic  flow  is  observed. 

Site  and  Distribution  of  Second  Phase. 

if  the  second  phase  is  considerably  harder  than  the  matrix  phase  it  should  be  distributed 
uniformly  and  in  fine  particle  form  within  the  matrix.  In  the  form  of  fine,  but  hard, 
particles,  cavitation  during  superplastic  flow  is  inhibited  by  various  recovery  mechanisms 
occurring  in  the  vicinity  of  the  particle.  Chung  and  Gaboon  (43)  have  shown  how  hard  but  fine 
silicon  particles  can  minimize  cavitation  during  superplastic  flow  of  a  fine-grained  Al-Si 
eutectic  alloy.  Coarse  particles,  on  the  other  hand,  can  lead  to  cavitation.  For  example,  in 
white  cast  iron,  cavitation  occurs  at  the  interface  of  coarse  eutectic  carbides  (>10)im)  and  the 
matrix  during  superplastic  flow  at  700°C.  These  large  carbides  cannot  be  refined  by  traditional 
thermal-mechanical  working,  it  is  possible,  however,  through  rapid  solidification  technology 
and  powder  metallurgy,  to  obtain  fine  carbide  particles  distributed  in  the  iron  matrix  in  white 
cast  irons.  Ruano,  Eiselstein,  and  Sherby  (44)  showed  that  a  3%  C  white  cast  iron  produced  in 
this  way  revealed  virtually  no  cavitation  after  superplastic  deformation,  even  after  large 
tensile  elongations  in  excess  of  1000%. 

Maehata  (45)  has  a  unique  view  on  the  influence  of  hard  particles  on  enhancing  superplasticity 
in  stainless  steels.  He  investigated  a  number  of  stainless  steels  and  concluded  that  the 
optimal  superplastic  condition  is  achieved  when  a  fine  distribution  of  hard  delta  phase  exists 
in  the  austenitic  matrix.  He  obtained  over  2000%  elongation  at  950°C  and  at  a  strain  rate  of  2  x 
10‘3  s"1  for  a  stainless  steel  of  composition  25%  Cr,  7%  Ni,  2.8%  Mo,  0.85%  Mr,  0.5%  Si,  0.5%  Cu, 
0.3%  W,  and  0.14%  N.  Maehara  considers  that  optimal  superplastic  behavior  is  achieved  when 
recrystallization  is  occurring  during  deformation.  He  contends  that  recrystallization  will  only 
occur  when  a  sufficiently  large  amount  of  hard,  small  particles  exists  (about  30%  of  sigma 
phase)  .  The  sigma  phase  particles  act  as  sites  for  recryatallizat ion  because  of  severe 
heterogeneous  deformation  around  the  hard  particles.  Maehara  concludes  that  soft  particles 
distributed  in  a  hard  matrix  will  not  exhibit  superplastic  behavior.  His  model  certainly  has 
considerable  merit.  It  may  not  be  applicable  in  other  two  phase  systems,  however,  such  as  in 
white  cast  iron  of  eutectic  and  hypereutectic  composition.  Kim  et  al.  (39)  and  Kuro  et  al.  (46) 
have  shown  that  such  a  material,  which  consists  of  a  continuous  phase  of  relatively  hard 
cementite,  with  a  discontinuous  soft  phase  of  iron,  is  superplastic  from  700  to  1025°C  (see 
Fig.  6) . 

Nature  of  the  Grain  Boundary  Structure. 

The  grain  boundaries  between  adjacent  matrix  grains  should  be  high  angle  (i.e.  disordered). 
This  is  because  grain  boundary  sliding  (G.B.S.)  is  generally  the  predominant  mode  of  deformation 
during  superplastic  flow,  low  angle  boundaries,  as  often  obtained  during  warm  working,  do  not 
readily  slide  under  the  appropriate  shearing  stresses.  Structures  containing  low-angle  grain 
boundaries  in  a  eutectoid  composition  steel  are  not  superplastic  but  can  be  made  auperplastic  by 
converting  the  low  angle  boundaries  to  high  angle  ones  by  appropriate  thermal  or 
thermomechanical  treatment  (47)  .  Similar  results  have  been  obtained  in  a  tool  steel  (48)  as 
well  as  an  Al-Li  based  alloy  (49) . 

Shape  of  Grains. 

The  grain  shape  should  be  equiaxed  in  order  that  the  grain  boundary  can  experience  a  shear 
stress  allowing  G.B.S.  to  occur.  Materials  with  elongated  cylindrical  grains,  even  though  fine 
grained  in  s  transverse  direction,  would  not  be  expected  to  exhibit  very  much  grain  boundary 
sliding  when  tested  longitudinally.  Testing  in  s  transverse  direction,  however,  could  lead  to 
extensive  grain  boundary  sliding  and  therefore  result  in  superplastic  behavior. 

Mobility  of  Grain  Boundaries. 

Grain  boundaries  in  superplastic  alloys  should  be  mobile.  During  grain  boundary  sliding, 
stress  concentrations  develop  at  triple  points,  as  well  as  at  other  obstructions  along  the  grain 
boundary.  The  ability  of  grain  boundaries  to  migrate  during  grain  boundary  sliding  permits 
reduction  of  these  stress  concentrations.  In  this  manner,  grain  boundary  sliding  can  continue 
as  the  major  deformation  process.  The  fact  that  grains  remain  equiaxed  after  extensive 
auperplastic  deformation  ia  indirect  evidence  that  grain  boundary  migration  is  occurring,  ona 
possible  explanation  to  the  limited  ductility  observed  in  moat  fine  grained  ceramic  polycrystals 
at  high  temperatures  (even  though  the  strain-rate-aenaitivity  exponent  is  high)  is  that  the 
grain  boundaries  are  not  very  mobile.  In  this  esse,  the  lack  of  boundary  mobility  can  lead  to 
high  stress  concentrations  at  triple  points  during  grain  boundary  sliding,  leading  to  crack 
wclsition  and  early  failure. 
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Grain  Bouadariaa  and  Thalr  Etna  is  tinea  to  Tensile  Separation. 

Grain  boundaries  in  tha  matrix  phase  should  not  be  prone  to  ready  tensile  separation.  It  is 
generally  believed  that  the  grain  boundaries  in  ceramic  materials  have  a  high  surface  energy, 
and  as  a  result  will  separate  under  low  tensile  stresses  (SO)  .  This  stay  be  the  major  reason  why 
many  fine  grained  ceramic  polycrystals  exhibit  low  ductility  in  tension  even  when  the  strain- 
rate-sensitivity  exponent  is  high.  Perhaps  the  great  success  achieved  in  making  polycrystalline 
zirconia  superplaatic  (35-37)  is  because  of  the  development  of  extraordinarily  fine  grains 
<L-0.3fim)  which  reduced  the  stress  required  for  plastic  flow  to  a  value  below  the  groin  boundary 
tensile  fracture  stress. 

Optimising  tb»  tot.of  fraxrpixtio  rltm  In  r»»  mt.rUH 

For  a  given  superplastic  material,  and  at  a  given  temperature,  there  is  a  maximum  strain  rate 
where  supe"  las tic  flow  by  grain-boundary  sliding  is  no  longer  the  dominant  process;  another 
mode  of  deformation  becomes  Important,  namely  diffusion-controlled  dislocation  creep  (slip 
creep) .  The  maximum  strain  rate  at  which  grain  boundary  sliding  remains  rate-controlling  is 
typically  on  the  ordor  of  10"*  s'1,  a  rate  considerably  lower  than  those  used  in  most  commercial 
forming  operations  (e.g.,  10-1  to  1  s'1).  From  a  technological  viewpoint  it  would  be  desirable 
to  increase  the  maximum  strain  rate  for  superplastic  flow.  The  approach  for  attainment  of  this 
goal  is,  in  principle,  straight  forward.  One  must  select  structural  variables  that  will  enhance 
grain  boundary  sliding  but  make  slip  creep  more  difficult.  We  illurtrate  this  schematically  In 
Fig.  7(a).  In  this  figure,  the  logarithm  of  the  stress  is  plotted  as  a  function  of  the 
logarithm  of  the  strain  rate.  The  two  separate  processes  contributing  to  grain-boundary  sliding 
and  to  slip  creep  are  represented  as  straight  lines.  The  point  of  intersection  (marked  e  st>sax> 
represents  the  maximum  strain  rate  for  superplastic  flow  for  a  given  set  of  microstructural 
conditions.  As  noted  on  the  figure,  the  principal  equations  for  grain  boundary  sliding 
(governad  by  grain  boundary  diffusion)  and  for  slip  can  be  written  as  equations  (1]  and  [2], 
respectively  (9) : 


gbs 


(11 


slip 
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where  and  t ^ are  the  strain  rates  for  grain  boundary  sliding  and  slip,  respectively,  A^ 
and  A,  are  constants,  b  is  Burgers'  vector,  7  is  the  mean  linear  intercept  grain  size,  X  is  tne 
minimum  barrier  spacing  governing  slip  creep  (typically  the  interparticle  spacing  or  the  grain 
size),  Dg,  is  the  grain  boundary  diffusivity,  DL  is  the  lattice  diffusivity,  d  is  the  stress, 
and  B  is  the  dynamic,  uncelaxed.  Young's  modulus.  The  point  of  Intersection  on  Fig.  7(a)  can  be 
shown,  by  combining  equations  [1]  and  [2]  and  rearranging,  to  be: 
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The  generation  of  a  new  set  of  microstructural  conditions  to  make  grain-boundary  sliding  more 
facile  and  to  inhibit  the  slip  creep  process,  can  increase  the  maximum  strain  rate  for 
superplastic  flow.  Such  a  change  leads  to  an  increase  in  the  maximum  rate  for  superplastic  flow 
from  IgBaxd)  to  **  indicated  in  Fig.  7(b)  in  which  the  dashed  lines  represent  the  new 
microstructural  conditions.  The  most  straightforward  structural  feature  that  can  be  modified  to 
achieve  such  an  anhancemant  in  superplasticity  is  to  decret  the  grain  size.  When  the  grain 
size  is  reduced,  the  superplastic  flow  rate  (by  grain  bounv_^^y  sliding)  is  incraased  and  tha 
normal  flow  rate  (by  alip)  la  reduced  (the  Hall-Petch  relation) .  In  a  further  example,  a 
bimodal  distribution  of  second  phase  particles  may  lead  to  an  ideal  superplastic  structure.  The 
ultrafine  particles  can  pin  dislocation  networks  (subgrains)  yielding  a  low  value  of  X,  and  fine 
particles  can  pin  the  fine  grain  size  leading  to  a  low  value  of  X. 


A  series  of  predictions  are  shown  in  rigs.  8(a),  (b) ,  and  (c)  from  equations  [1]  and  (2)  for 
the  case  of  a  typical  high  stacking  fault  energy  material,  in  Fig.  0(a),  the  log  of  the  maximum 
strain  rate  for  superplastic  flow  is  shown  as  a  function  of  the  log  of  grain  size,  for  a  fixed 
value  of  X  (i.e.,  lpm)  with  homologous  temperature  Indicated  as  a  variable.  The  figure 
demonstrates  the  significant  influence  of  grain  alia  on  e at  all  temperatures .  By  a 
refinement  of  grain  sise  from  100|*m  to  a  submicron  value,  the  strain  rate  for  superplaatic  flow 
can  be  Increased  from  glscial  flow  rates  to  values  typical  of  that  for  high  rate  forming 
operations  such  as  extrusion.  The  influence  of  temperature  is  also  significant;  an  increase 
from  0.55  to  0.72  Tm  can  improve  i g^mx  by  an  order  of  magnitude  at  a  fixed  grain  sise.  It  is 
important  to  recognize  that  tha  nicroatructure  has  to  remain  stable  over  this  increased 
temperature  range  in  order  for  these  predictions  to  be  realized. 

in  Figs.  0(b)  and  0(c),  the  influence  of  the  ease  (or  difficulty)  of  slip  creep  on  the  strain 
rate  for  superplastic  flow  is  examined  for  the  specific  homologous  temperatures  of  0.50  and 
0.72,  respectively.  In  these  figures,  tha  log  of  i la  plotted  as  a  function  of  X,  tha 
microstructural  feature  governing  alip  creep  for  a  variety  of  grain  sizes.  As  may  be  aesn,  the 
predominant  influence  on  la  that  of  grain  sise;  the  role  of  X,  the  microstructural  feature 
that  governs  slip  creep,  is,  however,  also  significant.  For  example,  at  a  grain  aisa  of  2pm  at. 
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Fig.  5  Superplastic  behavior  in  a  yttria- 
atabilized,  fine-grained  zirconia,  and  a 
20%  AI2O3/Y-TZP  composite  ceramic  (37, 38). 


ORIGINAL  TENSILE  TESTED  AT  1 025°C, 
SAMPLE  610%  ELONGATION 

(e=  IxlO"4  s'1) 


10  pma 


Fig.  6  Superplastic  behavior  in  an  iron 
carbide  ceramic  polycrystal  containing  00% 
F«jC  and  20%  iron.  The  upper  part  of  the 
figure  shows  a  sample  tested  to  610%  at 
1 0  2  5  *C ,  and  the  photomicrograph  shows  the 
fine  microstructure  after  superplastic 
deformation. 


Fig.  7  The  maximum  strain  rate  for 
superplastic  flow  is  represented  by  and 
is  the  point  of  intersection  on  Fig.  7(a) 
between  the  equations  for  grain  boundary 
sliding  (gbs)  and  slip.  By  modifying  the 
microstructucal  variables  to  increase  the  ease 
of  grain  boundary  sliding  and  to  inhibit  slip, 
the  maximum  strain  rata  for  superplastic  flow 
can  be  increased  from  t0  ** 
indicated  in  Fig.  7(b). 
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800*C,  refinement  of  X  fro*  ljw  to  O.Olua  is  predicted  to  mult  in  an  improvement  in  by 
two  orders  of  magnitude  from  10”3  to  10“*  s“*. 

A  n unbar  of  recent  investigations  bav#  centered  on  aluminum  alloys  with  tha  objective  of 
increasing  tha  strain  rata  range  for  auparplaatic  flow  by  grain  also  refinement.  Thaaa  studios 
ha  vs  shod  some  now  insight  into  understanding  tha  gonaral  behavior  of  auparplaatic  amterials  and 
ir%  discussad  in  tha  following  subsoctions. 

WMakar-Rslnforoed  and  Mechanically  Alloyed  lleml— . 

Wadsworth  and  his  colleagues  (51-54)  have  made  considarabla  progress  in  achieving  high 
alongationa  undar  high  strain  rata  conditions.  They  hawa  achieved  this  auccass  by  grain  also 
refinement  in  whiskor  rainf oread  aluminum  alloys  and  in  mechanically  alloyed  aluminum  alloys. 
In  ona  example  (51),  a  compos its  of  Al-2124  containing  20  vol  I  SIC  whiskers  behaved  in  a 
suparplastic-like  manner  (up  to  3001  elongation)  at  the  high  strain  rate  of  3  x  10“l  a*1,  in 
another  example  (52,53),  an  ultrafine  grained,  mechanically  alloyed  A1  9021  (4 . 2%Cu-2 . 0%Mg- 
1 . i%C-0 .  S%0) ,  exhibited  maximum  elongations  at  strain  rates  as  high  as  20  i'1.  In  yet  another 
investigation  (54) ,  on  a  similar  mechanically  alloyed  alvseinum  alloy,  KA-A1  m  90211,  an  optimum 
elongation  of  500%  was  found  at  a  strain  rata  of  2.5  a~*. 

An  overview  of  tha  auparplaatic  behavior  of  the  alloys  described  above  is  given  in  rig.  9  in 
which  elongation  to  failure  is  plotted  as  s  function  of  strain  rate.  The  grain  sisea  for  each 
class  of  alloy  groups  is  indicated  on  tha  figure.  Included  in  the  figure  are  data  for 
mechanically  alloyed  nickel-base  alloys  (HA  754  and  IN  6000)  by  Gregory  et  al.  (55)  who  noted 
high  ductility  at  high  at rain  rates  in  these  fine  grained  materials.  Wadsworth  and  hia 
colleagues  are  currently  investigating  tha  precise,  operative,  deformation  mechanisms  in  thaaa 
alloys.  The  observation  of  superplastic-like  behavior  (m  is  slightly  below  the  typical  value  of 
0.5)  at  such  high  strain  rates,  however,  is  believed  to  be  consistent  with  the  extremely  fine 
(aubmicron)  grain  sire  contained  in  these  complex  aluminum  and  nickel  composites  end  alloys. 

Al-ug  base  Alloys. 

Recently,  considerable  effort  has  been  devoted  to  superplasticity  studies  in  Al-Mg  alloy*. 
Magnesium  forms  a  solid  solution  in  aluminum  end  up  to  10%  magnesium  can  be  dissolved  at  high 
temperatures.  Al-Mg  solid  solution  alloys  are  known  as  Class  I  solid  solutions  and  exhibit  high 
strain  rate  sensitivity  even  when  coarse  grained  (SO  .  In  the  following,  three  separate  studies 
are  described  on  fine-grained  Al-Mg  alloys  that  exhibit  conventional  superplaatieity . 

Watanabe,  Ohorl,  and  Takeuchi  (57)  have  modified  an  existing  co— larclal  Al-Mg  alloy  (AA  5093) 
by  the  addition  of  copper  to  make  it  superplastic.  The  alloy  composition  of  AA  5093  is 
nominally  5%Hg,  0.7%Mn,  0.12%Fe,  0.13%Cr  and  0.10%Si.  They  showed  that,  with  progressive 
addition  of  copper  (0.2,  0.4,  and  0.6%Cu)  tha  grain  sire  was  increasingly  refined  by  a 
recrystallisation  treatment  following  hot  and  cold  rolling.  Tha  grain  sire  of  the  0.6%  Cu  alloy 
was  less  than  20pm.  The  improvement  in  ductility  with  Incroxam  in  copper  content  is  illustrated 
in  rig.  10.  An  elongation  of  700%  was  obtained  at  a  strain  rate  of  2.9  x  10"3  a-1  at  550  *C,  with 
a  strain  rate  sensitivity  exponent  of  0.7,  for  the  AA5093-0.6%  Cu  alloy.  Typical  mechanical 
properties  et  room  temperature  of  superplastlcally  formed  parts  from  the  new  alloy  are  334  MPa 
tensile  strength  and  25%  elongation.  These  values  are  superior  to  those  obtained  in  Supral 
alloy  containing  5%Cu  -  0.5%Sr  in  the  superplastic  condition  (UTS  -  191  MPe,  7%  elongation). 
The  newly-developed  Japanese  sheet  has  the  trade  name  of  NEOPRAL  and  is  used  for  building  and 
construction  applications,  mostly  for  decorative  components. 

Salaam  and  McNelley  (59)  have  been  studying  the  properties  of  an  Al-10%  Mg  alloy  containing 
small  additions  of  either  sirconium  (0.2%)  or  manganese  (0.5%).  These  authors  show  that,  when 
fine-grained,  these  alloys  are  auparplaatic  at  relatively  low  temperatures  (300*0  in  contrast 
to  other  superplastic  aluminum  alloys  whara  suparplasticity  is  only  obsarvad  at  high 
tamperatures  (475  to  550*0  .  In  addition,  the  room  temperature  strength  of  the  Al-lOMg  alloys 
is  superior  to  other  Al-Mg  alloys  because  of  increased  solid  solution  strengthening.  Both 
alloys  studied  by  Salama  and  McNelley  behaved  in  a  similar  manner.  The  ductility 
characteristics  end  stress-strain  rate  relations  of  a  fin#  and  coarae  grained  Al-10Mg-0.2lr 
alloy  at  300*C  are  coopered  in  rig.  11.  As  can  be  seen,  the  coarae  grained  alloy  (T-40pm) 
exhibits  a  maximum  m  value  of  0.33  with  maximum  elongations  in  the  order  of  200%.  On  the  other 
hand,  the  fine  grained  alloy  (X*3pm)  exhibits  m  values  approaching  0.5  with  a  maximum  elongation 
of  500%. 

The  superplaatic  properties  of  a  powder  metallurgy  product  based  on  Al-5Hg-l . 2Cr  have  been 
studied  by  Shin,  Selby,  Belzunce,  Roberts  and  Sharby  (59)  .  After  consolidation  of  the  powders 
by  hot  compaction,  followed  by  thermal-mechanical  processing,  a  fine-grained  (E~2|im)  condition 
was  schiavad.  The  materiel  exhibited  high  elongations  (-1000%)  at  high  strain  rates 
(i  -2  x  2  0"*  s~h  when  tested  at  high  temperature  (550*C)  .  The  creep  behavior  was  similar  to 
those  observed  by  Salama  and  McNelley  and  the  results  are  shown  in  Fig.  12.  At  Intermediate 
strain  rates,  the  fine-grained  material  exhibits  a  stress  exponent  of  about  two  or  less 
(m->0.5)  .  At  low  strain  rates,  the  stress  axponent  increases,  ant*,  this  Increase  occurs  at 
reducad  stresses  as  the  tenperature  of  testing  is  increased.  A  very  significant  observation  is 
that  the  high  stress  exponent  appears  to  decraaae  again  at  vary  low  strain  ratas  as  tha  bass¬ 
line  for  solute-drag-controlled  dislocation  craep  is  reached. 

The  trends  shown  in  rig.  12  suggest  that  thera  ait  two  coaqpeting  independant  procasses  during 
daformation  of  fine-grained  superplaatic  materials.  These  processes  are  grain  boundary  sliding 
with  a  threshold  stress  and  dislocation-controlled  slip.  This  concept  is  schematically 
illustrated  in  Fig.  13.  The  daah-dot  line  in  the  figure  depicts  the  creep  rate  of  a  fine¬ 
grained  material  when  grain  boundary  sliding  with  a  thrashold  stress  is  the  deformation  process. 
The  dashed  line  in  the  figure  represents  the  creep  rate  of  the  material  when  dislocation  creep 
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Fig.  8  In  this  figure,  for  the  case  of  a  typical  high  stacking  fault  energy  Material,  the 
influences  of  temperature,  grain  size,  and  interparticle  spacing,  X,  on  the  maximum  strain  rate 
for  superplasticity,  eSPjaBX,  are  illustrated. 


STRAIN  RATE  (l/mln) 


Fig.  9  Overview  of  superplastic  behavior  as  a  function  of  strain  rate  for  a  range  of 
aluminum  based  materials  of  grain  sizes  from  15 Jim  to  sub-micron.  Also  included  are  data  points 
for  fine-grained  nickel-based  superalloys. 


K>*  K>’*  K>'*  K>' 


srtum  mti  t,  s'* 


Fig.  10  Influence  of  copper  additions  on  Fig.  11  Comparison  of  the  ductility  and 
the  tensile  ductility  of  a  fine-grained  Al-5ng  flow  at reas-strain  rate  behavior  of  a  fine- 
alloy  (AA  $083)  .  Data  from  Nantanabe,  Ohori  and  a  coarse-grained  Al-lOMg-OO.i  Sr  alloy  at 
and  Takeuchi  (57).  3Q0*C.  Data  from  Salaam  and  McMeiley  (51). 
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in  the  Matrix  la  the  rate-cont rolling  process.  Sinca  thaaa  two  procaaaaa  ara  conaidarad  to  ba 
indapandant  procaaaaa,  tha  faataat  ona  ia  rata-cont rolling.  Tha  pradictad  behavior  la  given  by 
tha  shadad  curva.  rour  rangaa  ara  dapietad:  Ranges  0,  I,  XX,  XXX.  Ranges  0  and  III  represent 
deformation  control lad  by  alip,  Range  XI  ia  where  suparplaatic  flow  ia  axpactad,  and  Ranga  X  ia 
whara  a  thraahold  atraaa  ia  observed  and  a  low  ductility  can  ba  axpactad.  Tha  data  in  rig.  12 
indicata  that  tha  thraahold  atraaa  ia  a  function  of  temperature,  dacraaaing  in  magnitude  with 
incraasa  in  temperature.  Tha  actual  meaning  of  thraahold  atraaa  and  ita  value  aa  a  function  of 
temperature,  aa  wall  aa  of  grain  aisa,  ia  not  claar  and  ia  an  araa  of  investigation  worthy  of 
considarabla  additional  atudiaa. 

It  would  appaar  that  the  atructural  praraquiaitaa  for  fina  structure  auperplaaticity  ara  quite 
well  developed,  and  many  new  alloys  have  bean  developed  in  recant  years  with  tha  specific 
objective  of  achieving  suparplaatic  charactariatica.  A  detailed  understanding  of  tha  exact 
mechanism  of  plastic  flow  in  rSS  materials,  however,  has  not  bean  aa  thoroughly  developed.  Tha 
moat  commonly-considered  mechanism  involves  grain  boundary  sliding.  It  ia  generally  thought 
that  an  accommodation  process  accompanies  grain  boundary  sliding.  This  accommodation  process 
might  bo  grain  boundary  migration,  recrystallisation,  diffuaional  flow  or  some  dislocation  slip 
process.  Quantitative  models  have  bean  developed  to  describe  suparplaatic  flow  accommodated  by 
slip  recovery  procaaaaa.  Examples  ara  those  given  by  Ball  and  Hutchinson  (60),  by  Mukherjee 
(61),  and  by  Langdon  (62).  The  "core  and  mantle"  theory  of  Gifkins  (63)  also  considers  alip 
recovery  mechanisms  in  the  vicinity  of  tha  grain  boundary.  A  different  view  ia  that  of  grain 
boundary  sliding  accommodated  by  diffuaional  flow,  and  such  a  modal  has  bean  quantitatively 
developed  by  Aahby  and  Varrall  (64)  .  All  of  thaaa  models  have  soma  features  that  are  in 
agreement  with  experimental  observations  in  suparplaatic  materials.  Tha  models,  however,  have 
not  been  able  to  predict  quantitatively  the  creep  rates  actually  obaarvad  in  fine-grained 
superplastic  materials.  Xn  addition,  none  of  tha  theories  ara  able  to  predict,  in  ona  relation, 
the  correct  stress,  temperature  and  grain  size  dependencies  (9) . 

Another  obstacle  to  understanding  mechanisms  of  suparplaatic  flow  is  tha  existence  of  Range  I 
creep  (described  earlier  in  association  with  rigs.  12  and  13).  Whereas  many  researchers 
associate  this  low  stress  region  with  low  strain-rate  sensitivity,  others  have  observed  high 
strain-rate-sensitivity  in  this  region,  even  in  the  same  alloy  system,  and  some  fierce  debates 
have  taken  place  on  this  subject  (65,66).  Range  I  creep  has  been  explained  and  discussed  in 
various  ways:  for  example,  as  a  new  deformation  process  controlled  by  slip  (67),  as  a  process 
associated  with  a  threshold  stress  for  plastic  flow,  and  as  a  grain  boundary  sliding  process 
with  a  reduced  creep  rate  from  grain  growth  (68).  Another  view,  developed  by  Mayo  (69), 
utilizes  a  modification  of  Gifkins'  "core  and  mantle*  model  to  explain  Ranges  I,  XX  and  XXX  in 
the  following  way.  The  core  is  assumed  to  have  a  typical  strain  rate  sensitivity  exponent  as  is 
observed  in  coarse  grained  materials  (i.e.,  m-0.2).  The  mantle  region  is  considered  to  be  weaker 
than  the  core  region  but  otherwise  has  a  similar  straln-rate-aensitivity  exponent.  Mayo  assumes 
that  the  mantle  region,  which  has  a  finite  width,  increases  in  volume  with  a  decrease  in  stress, 
and  it  is  this  change  with  stress  that  leads  to  the  transition  Range  IX.  Such  a  model  leads  to 
values  of  m  higher  than  0.2  although  a  specific  value  of  m  is  not  predicted  for  Range  XX. 
Experimental  work  by  Mayo  on  surface  observations  of  grains  in  the  superplastic  region 
(involving  Pb-Sn  and  Zn-Al  alloys)  suggests  that  the  mantle  region  makes  up  a  large  fraction  of 
the  total  material. 

Typical  strain-rate-sensitivity  exponents  observed  in  FSS  materials  are  at  values  clustered 
around  0.5.  This  ia  especially  true  at  intermediate  temperatures  and  at  fine  grain  sizes  where 
the  activation  energy  for  superplastic  flow  is  equal  to  that  for  grain  boundary  diffusion  (9) . 
At  high  temperatures,  however,  where  the  activation  energy  for  superplastic  flow  Is  equal  to 
that  for  lattice  diffusion,  the  strain-rate-sensitivity  exponent  is  equal  either  to  0.5  or  to 
values  greater  than  0.5  (9).  Fukuyo,  Oyama,  Tsai,  and  Sherby  (70)  have  recently  developed  a 
model  to  explain  the  different  results  obtained  at  high  temperatures.  The  model  is  similar  to 
the  Ball,  Hutchinson,  Mukherjee,  Langdon  concept  based  on  a  grain  boundary  sliding  process 
accommodated  by  slip.  The  model  is  illustrated  in  Fig.  14.  As  can  be  seen,  the  slip 
accoamodatlon  process  involves  the  sequential  steps  of  glide  and  climb.  When  climb  is  the  rate 
controlling  step,  the  strain- rate-sensitivity  exponent  is  0.5  because  of  the  pile-up  stress  at 
the  head  of  the  climbing  dislocation  (this,  in  fact,  is  the  prediction  of  the  Ball -Hutchinson, 
Mukherjee,  Langdon  relations) .  When  glide  is  the  rate -control ling  step,  however,  the  strain- 
rate-sensitivity  exponent  is  equal  to  unity  because  there  is  no  pile-up  stress.  Since  glide  End 
climb  processes  are  sequential,  the  slowest  of  the  two  processes  is  rate  controlling.  This 
model  predicts  that  fine-grained  Class  X  solid  solution  alloys  can  exhibit  a  high  value  of  m 
equal  to  unity  since  in  these  alloys  the  glide  step  (solute-drag-controlled  dislocation  creep) 
is  often  the  slowest  process  (56,71).  On  the  other  hand,  fine-grained  Class  XI  solid  solution 
alloys,  in  which  dislocation  climb  is  the  rate -control ling  step,  should  exhibit  m  values  that 
are  not  greater  than  0.5. 

The  predictions  of  Fukuyo  et  al.  have  been  confirmed  for  a  number  of  fine-grained  solid 
solution  alloy  systems  studied  at  high  temperatures,  as  can  be  seen  in  Figs.  IS  and  16.  In 
these  figures,  the  strain-rste-sensitivity  exponent  is  plotted  as  a  function  of  tha  strain  rate 
for  fine-grained  Class  I  solid  solution  alloys  (Fig.  1S>  and  for  fine-grained  Class  XI  solid 
solution  alloys  (Fig.  16) .  The  strain  rate  is  normalised  to  the  strain  rate  (in  Range  X)  at 
which  the  strain-rate-senaitlvity  exponent,  m,  is  equal  to  0.3.  Xn  this  manner,  different 
materials  can  be  assessed  from  a  common  base.  The  Class  X  solid  solution  alloys  shown  in 
Fig.  15  are  Fe-10A1-1 ,2SC  (70),  T1-6A1-4V  (72,73),  Mg-33A1  (74),  Al-33Cu  (75)  and  Al-25Cu- 
HMg  (76).  The  strain-rate-senaitivity  exponent  is  about  0.5  at  low  strain  rates,  then 
Increases  with  increasing  strain  rate  to  values  as  high  as  0.8.  This  is  the  trend  predicted 
from  the  Fukuyo  et  al.  model  wherein  at  low  strain  rates,  the  grain  boundary  sliding  process  is 
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Fig.  12  Dif fusion-compensated  strain  rate  Fig.  13  Prediction  of  the  creep  behavior 
versus  modulus-compensated  stress  for  a  PM  of  a  fine-grained  material  based  on  two 
processed  Al-5Mg-1.5  Cr  alloy  (L~2*im)  .  High  independent  processes:  grain  boundary 

strain  rate  sensitivity  is  observed  at  sliding  with  a  threshold  stress  and  slip 

intermediate  stresses  followed  by  a  threshold  (power-law  dislocation  creep)  .  Four  ranges 
stress  region  with  decreasing  stress.  The  are  depicted  by  0,  I,  II  and  IZI. 
threshold  stress  is  a  function  of 
temperature. 


Fig.  14  Model  illustrating  grain  boundary  Fig.  15  Influence  of  normalised  strain 
sliding  accommodated  by  dislocation  motion  rate  on  the  strain-rate-sensitivity  exponent# 
involving  the  sequential  steps  of  glide  and  m,  for  superplastic  materials  considered  as 
elinfc.  fine-grained  Class  I  solid  solution  *lloy». 


a* 
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accommodated  by  climb,  whereas  at  high  strain  rates  it  is  accommodated  by  glide.  These  two 
regions  are  to  be  identified  as  part  of  Range  II  of  rig.  13.  At  yet  higher  strain  rates,  slip 
deformation  becomes  the  dominant  deformation  mode  and  the  a  value  decreases  to  low  values  in  the 
order  of  0.1  to  0.2.  The  superplastic  materials  shown  in  rig.  16  exhibit  trends  that  are  quite 
different  from  those  observed  for  the  fine-grained  Class  I  solid  solution  alloys.  The  four 
alloys  listed  are:  Ni-39Cr-lG-Fe-7 . 5Ti-lAl  (77),  Cu-39.4Zn  (78),  Fe-26Cr-6.5Ni-0.05Al  (79),  and 
Ag-28Cu  (80) .  For  these  fine-grained  solid  solution  materials,  the  atrain-rate-sensitivity 
exponent  is  about  0.5  at  low  strain  rates.  Nith  increasing  strain  rates,  m  decreases.  This  is 
the  type  of  creep  behavior  expected  in  fine  grained  Class  II  solid  solution  alloys  since  the 
accooanodation  process,  in  this  case,  is  grain  boundary  sliding  controlled  by  dislocation  climb 
where  m  equals  0.5. 

SECT ION  a.  INTERNAL  8 TRESS  8UP ERF LAST ICXTY  (188) . 

In  addition  to  the  fine  structure  superplasticity  described  in  the  previous  section,  there  is 
another  type  of  superplasticity  known  as  internal  stress  superplasticity  (10)  .  In  these 
materials,  in  which  internal  stresses  can  be  developed,  considerable  tensile  plasticity  can  take 
place  under  the  application  of  a  low,  externally-applied,  stress.  This  is  because  internal- 
stress  superplastic  materials  can  have  a  strain-rate  sensitivity  exponent  of  as  high  as  unity, 
i.e.,  they  can  exhibit  ideal  Newtonian-viscous  behavior.  Such  superplastic  materials  deform  by 
a  slip  creep  mechanism. 

There  are  many  ways  in  which  internal  stresses  can  be  generated.  These  include  thermal 
cycling  of  composite  materials  in  which  the  constituents  have  different  thermal  expansivity 
coefficients  (81-86),  thermal  cycling  of  polycrystalline  pure  metals  or  single  phase  alloys  that 
have  anisotropic  thermal  expansion  coefficients  (86,87),  and  thermal  cycling  through  a  phase 
change  (88-92) .  It  should  also  be  noted  that  pressure  induced  phase  changes  have  been  cited  as 
a  source  of  superplastic  flow  in  geological  materials  (42)  .  For  example,  there  is  a 
transformation  in  the  earth's  upper  mantle  because  of  pressure  from  orthorhombic  olivine  to  a 
spinel  phase  at  a  depth  of  about  400  km  below  the  earth's  surface.  It  is  believed  that  internal 
stress  superplasticity  arising  from  transformation  stresses  through  pressure  cycling  (analogous 
to  temperature  cycling)  leads  to  a  mixed  phase  region  of  low  effective  viscosity. 


Whisker  end  Partlcl 


It  has  been  shown  that  internal  stress  superplasticity  can  be  utilized  to  enhance  the 
ductility  of  metal-matrix  composites  that  are  normally  brittle.  Thus,  a  whisker-reinforced 
metal-matrix  composite  (aluminum  containing  20%SiCw  alloy)  was  made  ideally  superplastic,  i.e., 
Newtonian  viscous  in  nature,  during  deformation  under  thermal  cycling  conditions  (81,82,84,85). 
An  example  of  the  exceptional  tensile  ductility  that  can  ».  e  achieved  in  this  manner,  in  a 
whisker-reinforced  6061  aluminum  alloy,  is  shown  in  Fig.  17.  Whereas  the  metal-matrix  composite 
exhibits  only  12%  elongation  under  isothermal  deformation  at  450*0,  the  same  composite  exhibits 
1400%  elongation  if  deformed  under  thermal  cycling  conditions  (100  ^450°C  at  100  seconds  per 
cycle).  An  example  of  similar  behavior  was  demonstrated  with  a  zinc-30  vol.%  alumina 
particulate  composite  (82-83) .  Whereas  this  material  exhibited  essentially  nil  ductility  when 
tested  in  tension  at  300*0,  it  exhibited  Newtonian-viscous  behavior  when  deformed  under  thermal 
cycling  conditions,  and  elongations  exceeding  150%  were  achieved. 


The  basis  of  understanding  the  effect  of  internal  stress  on  enhancing  the  ductility  of  metal- 
matrix  composites  is  as  follows  (87)  .  During  thermal  cycling,  internal  stresses  are  developed 
at  the  interfaces  between  the  metal-matrix  and  the  hard  ceramic  second  phase.  This  is  because 
the  thermal  expansion  coefficient  of  the  metal-matrix  is  several  times  larger  than  that  of  the 
ceramic  phase.  These  internal  stresses  will  relax  by  plastic  deformation  in  the  metal-matrix  to 
the  value  of  the  local  interfacial  yield  stress  of  the  material.  It  is  this  remaining  local 
yield  stress,  which  we  define  as  the  internal  stress,  which  contributes  to  the  low  applied 
external  stress,  and  results  in  macroscopic  deformation  along  the  direction  of  the  applied 
stress.  This  model  is  developed  quantitatively  in  the  next  subsection.  The  creep  behavior  of 
two  2024  Al-SiCw  composites  under  both  thermal  cycling  and  isothermal  conditions  are  shown  in 
Fig.  18  (85) .  The  graph  shows  a  plot  of  the  dif fusion-compensated  creep  rate  as  a  function  of 
the  modulus-compensated  stress.  Three  trends  can  be  noted.  First,  the  thermally  cycled 
composites  are  much  weaker  than  the  isothermally  tested  composites  at  low  applied  stresses. 
Second,  the  thermally  cycled  composites  have  strain-rate-sensitivity  exponents  of  unity  at  low 
stresses.  Third,  the  thermally  cycled  samples  and  the  isothermally  tested  samples  yield  data 
that  converge  at  high  stresses;  this  is  expected  since  the  internal  stress  generated  by  thermal 
cycling  (a  constant)  will  have  a  diminishing  contribution  to  creep  as  the  applied  stress  is 
increased. 


It  was  observed  that  the  manner  in  which  the  silicon  carbide  whiskers  flowed  during  plastic 
deformation  of  the  composite  was  dramatically  different  under  thermal  cycling  conditions  by 
comparison  with  isothermal  conditions  (81,84,85).  For  example,  Wu  ard  Sherby  (81)  have  shown 
that  regions  devoid  of  whiskers  in  a  2024-20  vol.%  SiCw  extruded  composite  become  readily  filled 
with  whiskers  when  deformed  in  tension  under  thermal  cycling  conditions.  Another  example  of  the 
difference  in  the  rate  of  reorientation  of  whiskers  in  the  same  extruded  2024-20  vol.%  SiCw 
composite,  was  noted  in  tests  conducted  in  compression  under  isothermal  and  thermal  cycling 
conditions  (85).  This  example  is  shown  in  Fig.  19.  The  sample  that  was  deformed  isothermally 
exhibited  very  limited  reorientation  of  the  whiskers  towards  the  direction  of  compression  flow. 
Furthermore,  extensive  surface  cracks  were  observed  in  the  sample.  On  the  other  hand,  the 
sample  that  was  deformed  under  thermal  cycling  conditions,  to  tho  same  strain,  showed  that 
nearly  all  whiskers  were  no  longer  in  the  original  longitudinal  direction.  Clearly,  Newtonian- 
viscous  flow  of  the  metal-matrix  accelerates  the  reorientation  of  the  Sic  whiskers.  No  surface 
cracks  were  observed  in  the  thermally  cycled  sample. 
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Aniaotrpplc  Expanding  golvcrystalllne  Materials, 

Other  examples  of  internal  stress  superplasticity  are  in  polycrystelline  zinc  and  alpha 
uranium,  in  the  case  of  these  two  metals,  the  internal  stress  arises  from  the  anisotropy  of 
expansion  coefficients  present  in  these  non-cubic  structure  materials.  During  thermal  cycling 
internal  stresses  will  be  induced  at  the  boundaries  between  adjacent  grains. 

a  quantitative  relation  was  developed  by  Wu,  Wadsworth  and  Sherby  to  describe  the  thermal 
cycling  behavior  of  anisotropic  polycrystalline  materials  and  composites  (87)  .  The  model  begins 
with  the  Garofalo  hyperbolic  sine  creep  relation  (93),  which  describes  the  steady  state  creep 
rate  of  metals  that  are  controlled  by  diffusion-assisted  dislocation  creep.  This  relation  is 
given  as: 

i  -  (K/an>De££/b2[ainluw/E)n  15) 

where  a  and  K  are  constants,  b  is  Burgers'  vector,  E  is  Young's  modulus,  n  is  the  stress 
exponent,  is  the  effective  diffusion  coefficient  and  o  is  the  applied  creep  stress.  The 

value  of  n  is  typically  in  the  range  5  to  8. 

The  theory  of  Wu  et  al.  (87)  uses  this  equation  on  the  assumption  that  the  internal  stresses 
generated  during  thermal  cycling  contribute  to  plastic  flow  in  the  following  way:  at  any  given 
time,  half  of  the  moving  dislocations  are  aided  by  the  presence  of  the  internal  stress,  whereas 
the  remaining  half  of  the  dislocations  are  opposed  by  the  presence  of  the  internal  stress.  The 
theory  also  assumes  that  these  two  groups  of  dislocations  contribute  to  plastic  flow 
independently  of  each  other.  The  following  equation  results: 

i  -  l/2(K/an)Deff/b2(  tsinha«J  +  «£)/B]n  +  \a  -  <Jil/(o  -  o1)  {sinha(o  -  O^/E]")  (6) 

When  the  applied  stress  is  much  greater  than  the  internal  stress  this  expression  leads  to  the 
Garofalo  equation  (eq.  (51).  In  this  case  the  prediction  is  that  the  material  under  thermal 
cycling  conditions  approaches  the  isothermal  behavior  with  a  high  stress  exponent  preventing 
attainment  of  superplastic  properties.  However,  for  the  low  applied  stress  range,  for  example 
on  the  order  of  (or  lower  than)  the  internal  stress  present  within  a  material,  equation  (6] 
reduces  to: 

i  -  K  n  DBf£/b2«Ti/E),1“1<T/E  (7) 

which  is  characterized  by  a  stress  exponent  of  n-1.  This  equation  predicts  that  deformation  in 
this  range  will  result  in  Newtonian-viscous  behavior  and  hence  superplasticity  is  expected  in 
the  low  applied  stress  range.  This  model  correctly  predicts  the  Newtonian  flow  behavior  for  a 
number  of  materials  under  thermal  cycling  conditions  (92,94-87).  It  was  shown  (87)  that  the 
internal  stress  term  can,  in  fact,  be  estimated  without  recourse  to  performing  thermal-cycling 
tests.  The  value  of  the  internal  stress  is  given  by 

«£/E  -  [2.2  x  10"4  b2/t  K  D  )1''n  [8J 

where  t  is  the  cycle  rate  in  seconds  per  cycle. 

Equations  [6]  and  [8]  were  utilized  to  predict  the  thermal  cycling  behavior  of  polycrystalline 
zinc  and  alpha  uranium  under  different  conditions  of  cycling  and  temperature  ranges.  The 
predicted  curves  are  compared  with  experimental  data  in  Pig.  20.  As  can  be  seen,  the  thermal 
cycling  data  are  well  predicted  by  equation  (6).  At  .a,  values  of  the  modulus-compensated 
stress,  the  model  predicts,  and  the  data  demonstrate,  the  exi^  ence  of  ideal  Newtonian-viscous 
flow  (m-1);  under  these  experimental  conditions,  superplastiw  behavior  is  indeed  observed 
(86,87)  . 

The  thermal  cycling  data  shown  for  the  2024-SiCw  composite  in  Fig.  18  was  also  predicted  from 
equation  I 6 J .  As  can  be  seen,  the  predicted  curves  fit  very  well  with  the  experimental  points. 

Materials  Undergoing  Polymorphic  Changes. 

Materials  that  undergo  polymorphic  changes  with  temperature  can  exhibit  Newtonian-viscous 
behavior  when  tested  under  thermal  cycling  conditions.  Among  the  early  investigations  on  this 
subject  were  those  of  Sauveur  (88),  Wasserman  (94),  de  Jong  and  Rathenau  (89),  and  Clinard  and 
Sherby  (90)  on  iron  base  alloys.  Oelachlagel  and  Weiss  (95)  showed  that  large  elongations  can 
be  achieved  in  this  manner.  The  internal  stress  arising  in  this  case  is  from  the  difference  in 
volume  between  the  two  phases  during  phase  transformation.  Such  behavior  is  sometimes  known  as 
transformation  plasticity.  Application  of  ductility  enhancement  by  cyclic  phase  transformation 
has  been  attempted  with  polymorphic  ceramics.  Many  of  these  ceramics  are  based  on  bismuth 
oxides.  It  was  shown  (96-99)  that  high  strain-rate-sensitivity  exponents  were  obtained  in  many 
of  these  ceramic-base  materials  under  thermal  cycling  conditions.  Wadsworth  and  Sherby  (92) 
reviewed  these  studies  and  have  concluded,  however,  that  none  of  these  ceramic  systems  have 
been  shown  to  be  superplastic.  All  tests  were  done  in  compression.  Because  tensile  tests  were 
not  performed,  measurements  of  high  values  of  the  strain-rate-sensitivity  exponent,  m,  in 
compression  are  inconclusive  evidence  for  superplasticity.  This  is  a  consequence  of  the  fact 
that  high  values  of  m  are  a  necessary  but  insufficient  criterion  for  superplasticity.  Since 
polycryatalline  ceramics  are  susceptible  to  grain  boundary  separation,  it  is  possible  that,  in 
the  ceramic  oxides  studied  for  transformation  plasticity,  they  may  well  have  failed  with 
negligible  ductility  in  tension.  Clearly  this  uncertainty  should  be  clarified  with  appropriate 
additional  experimental  studies. 
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interest  in  phase  transformation  plasticity  appears  to  have  bean  ravivwd  recently.  Notable 
are  the  studies  of  Tozaki,  Uesugi,  Okada  and  Tamura  on  iron-base  alloys  (100),  and  of  Purushiro, 
Kuramoto,  Takayama  and  Hori  on  coenercially  pure  titanium  (101)  .  Saotocos  and  Xguchi  (102)  made 
in-situ  microstructural  observations  during  transformation  superplasticity  in  pure  iron,  and 
concluded  that  interphase  boundary  sliding  was  an  important  deformation  mechanism.  Such  studies 
are  worthy  of  renewed  pursuit,  especially  with  respect  to  materials  that  are  normally  difficult 
to  fabricate  (such  as  polymorphic  ceramics  and  intermetallic  compounds) .  The  ISS  model 
presented  earlier  for  describing  the  behavior  of  thermally  cycled  anisotropic  polycrystals  and 
metal-matrix  composites  may  well  be  applicable  to  describing  phase  transformation  plasticity. 

SECTION  C.  ENHANCED  ROWE*  CONSOLIDATION  TXSIOUQI  tDESKPLAETIC  PLOW 

A.  practical  method  tor  superplastic  forming  of  bulk  material  is  through  the  use  of  powder 
metallurgy  methods.  The  approach  here  is  to  achieve  net-shaped  products,  with  high  density,  by 
compaction  of  powders  utilizing  fine  structure  or  internal  stress  superplaaticity  methods. 
Studies  have  been  performed  by  Ruano  et  al.  (91)  on  the  use  of  internal  stress  superplasticity 
in  enhancing  the  densif ication  of  white  cast  iron  powders.  Caligiuri  (103),  as  well  as  Isonishi 
and  Tokizane  (104)  have  utilized  fine  structure  superplasticity  to  enhance  the  densif ication  of 
ultrahigh  carbon  steel  powders. 

ISS  Compaction  of  white  Cast  Iron  Powders 

The  advent  of  new  technologies  centered  on  rapidly  solidified  powders  often  requires 
development  of  methods  of  enhancing  densification  wherein  the  fine  structures  present  in  such 
powders  are  retained.  To  achieve  this  goal  it  is  necessary  to  use  low  temperatures,  but  this 
usually  requires  the  application  of  high  pressures  if  a  high  density  is  to  be  achieved.  High 
pressures  are  often  a  limiting  factor  in  the  manufacture  of  powder  products.  One  method  of 
enhancing  densification  of  powders  is  by  accelerating  plastic  flow  through  the  generation  of 
internal  stresses  during  warm  pressing.  As  previously  described,  one  technique  for  generating 
internal  stress  is  through  the  use  of  multiple,  solid-state  phase  transformations. 

Ruano  et  al.  (91)  showed  that  the  densification  of  rapidly  solidified  white  cast  iron  powders 
was  enhanced  by  multiple  phase  transformations.  The  basis  of  this  result  is  that,  during  phase 
transformation  volume  changes  occur  which  create  internal  stresses.  These  internal  stresses 
assist  plastic  flow,  and  result  in  enhanced  pressure-sintering  kinetics.  An  example  of  such  a 
result  is  shown  in  Fig.  21.  The  densification  kinetics  of  white  cast  irons  are  shown  as  a 
function  of  applied  stress  under  both  isothermal  and  thermal  cycling  conditions.  The  results 
demonstrate  that  thermal  cycling,  under  stress,  is  an  important  factor  in  enhancing 
densification.  For  example,  under  a  very  low  externally-applied  stress  of  6.9  MPa,  a  density  of 
954  is  found  for  ten  cycles,  and  a  density  of  90%  is  found  for  one  cycle.  By  contrast, 
densities  of  much  less  than  80%  are  found  for  the  isothermally  warm-pressed  samples  at  both 
650°C  and  775*0.  Transformation  cycling  is  also  seen  to  enhance  the  densification  of  white  cast 
iron  powders  at  high  applied  stresses.  For  example,  at  20  MPa,  a  density  of  about  99%  is  found 
for  10  cycles  and  about  95%  for  one  cycle.  Without  transformation  cycling,  a  density  of  only 
90.5%  is  found  after  warm  pressing  for  0.5  hour  at  775°C  and  less  than  80%  is  found  after  warm 
pressing  for  0.5  hour  at  650QC.  The  results  shown  in  Fig.  21  indicate  that  high  densification 
can  be  achieved  in  a  short  time  by  utilizing  transformation  cycling  under  small  applied 
stresses . 

T83  Compaction  of  Ultrahigh  Carbon  Steel  Powdera 

Caligiuri  (103)  studied  the  pressure-sintering  kinetics  of  metal  powders.  Specifically,  the 
kinetics  of  pressure  sintering  of  ultrahigh  carbon  steel  (1.6%C)  powders  containing  either 
coarse-grained  (non-superplastic)  structures  or  fine-grained  (superplastic)  structures  were 
investigated.  Tor  comparison,  the  pressure  sintering  kinetics  of  iron  powders  were  also 
investigated.  In  order  to  interpret  the  densification  mechanisms  of  powders  under  an  applied 
stress,  the  creep  behavior  of  the  ultrahigh  carbon  steels  containing  coarse  and  fine 
microstructures  was  established.  The  creep  rate  of  the  fine-grained  steel  at  a  given  stress  was 
higher  than  the  creep  rate  of  the  coarse-grained  steel.  The  densification  of  coarse-  and  fine¬ 
grained  UHCS  powders  was  found  to  parallel  their  creep  behavior.  The  fine-grained  powders 
densif led  more  readily  than  the  coarae-grained  powders.  From  these  results,  it  was  concluded 
that  a  superplastic  mlcroatructure  enhances  densification  and  permits  the  pressing  of  powders 
into  high  density  compacts  at  intermediate  temperatures  and  low  pressures.  From  the 
densification  and  creep  studies,  Caligiuri  developed  an  equation  which  showed  that  tha 
intermediate-stage  densification  rate  (pi  can  be  related  to  the  steady-state  creep  rate  ((a)  at 
a  given  temperature  by: 

P  -  a  i  a  -  p>/p]n  i„  (9) 

where  n  is  the  stress  exponent  and  A  is  a  constant  (of  value  57) .  Thus,  for  a  fixed  value  of 
relative  density,  the  densification  rate  at  a  given  intermediate  temperature  and  low  pressure  is 
directly  proportional  to  the  steady  state  creep  rate  of  the  material  (under  the  same  conditions 
of  testing)  and  to  the  stress  exponent  of  the  material.  Through  eq.  [9],  the  densification 
behavior  of  a  material  can  be  predicted  by  simply  knowing  its  creep  properties  at  the 
temperature  and  pressure  of  interest. 

Since  superplastic  mstsrials  generally  creap  faster  than  non-superplastic  materials,  at 
intermediate  temperatures  and  low  atreaaes,  eq.  (93  predicts  that  superplastic  materials  will 
densify  faster  than  non-auperplastic  materials  during  pressing.  Furthermore,  the  relationship 
between  densification  rate  and  creap  rate  predicts  that,  through  the  term  ((l-p)/p)n, 
superplastic  materials  (low  stress  exponent)  will  densify  faster  than  non-superplastic  materials 
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(high  stress  exponent)  at  the  saie  creep  rate.  This  prediction  was  verified  experimentally. 
First,  creep  experiments  were  performed  to  determine  the  stress,  at  650°C,  at  which  a 
superplastic  1.(%C  steel  has  the  same  steady  state  creep  rate  as  a  non-superplastic  commercially 
pure  iron.  [This  stress  was  determined  to  be  43.1  MPa  at  650*C.J  Powders  of  these  materials 
were  then  compacted  at  43.1  MPa.  The  results  of  these  experiments  are  shown  in  Fig.  22.  The 
1. 6%C  superplastic  powders  densify  more  rapidly  than  the  iron  powders. 


An  important  property  of  fine-grained  auperplaatic  materials  is  that  they  are  often  readily 
bonded  in  the  solid  state,  either  to  themselves  or  to  other  non-superplastic  materials.  This 
bonding  is  possible  because  of  the  presence  of  many  grain  boundaries  in  the  fine-grained 
material  which  act  as  short-circuit  paths  for  diffusion  (105) .  The  same  materials,  if  coarse¬ 
grained,  will  not  readily  bond  under  identical  conditions  of  pressure,  temperature,  and  time. 

The  ease  of  solid-state  bonding  in  fine-grained  UHC  steels  makes  it  possible  to  prepare 
ferrous  laminated  composites  with  sharp  interfaces  between  layers.  Discrete  interlayer 
boundaries  are  achieved  because  the  laminated  composites  are  prepared  by  roll  bonding  at  low 
temperatures  (e.g.,  650°C)  .  Such  laminated  composites  have  been  shown  to  exhibit  unique  impact 
and  superplastic  properties.  For  example,  very  low  ductile-to-brittle  transition  temperatures 
(-140°C)  are  obtained  in  a  UHC  steel/mild  steel  laminated  composite  in  Charpy  V-notch  impact 
tests  (106)  .  This  is  attributed  to  notch  blunting  of  the  crack  by  delaaination  at  the  layer 
interfaces.  Another  useful  characteristic  of  the  UHC  steel  laminated  composite  is  its 
intermediate  temperature  ductility  properties.  Thus,  it  is  possible  to  make  non-superplastic 
mild  steel  behave  in  a  superplastic-like  manner  at  intermediate  temperatures  by  lamination  to 
superplastic  UHC  steel  (107).  Strain-rate  sensitivity  exponents  over  0.30  and  elongations  to 
fracture  of  over  400%  were  obtained.  The  strain  rate-stress  results  show  good  agreement  with 
constitutive  equations  for  creep  based  on  an  isostrain  deformation  model.  This  model  was  used 
to  predict  the  conditions  of  strain  rate,  temperature,  and  the  percentage  of  non-superplastic 
component  required  to  achieve  nearly  ideal  superplasticity  in  a  ferritic  stainless  steel  clad  to 
a  UHC  steel.  Daehn,  Kura,  and  Sherby  (108)  have  shown  that  the  predicted  conditions  are  achieved 
at  825®C  and  at  t*10-^  a”'1  for  a  UHC  steel  clad  with  a  ferritic  stainless  steel  (12%  by  volume)  . 
This  combination  of  components  and  test  conditions  leads  to  the  unexpected  result  that  coarse¬ 
grained  stainless  steels  can  be  made  superplastic  as  shown  in  Fig.  23.  Daehn  (109)  has 
performed  gas  pressure  blow  forming  experiments  with  stainless  steel  and  with  stainless-steel- 
clad  ultrahigh  carbon  steel  to  assess  die-filling  capabilities.  The  experimental  arrangement 
and  typical  results  are  shown  in  Fig.  24.  The  left  hand  side  photograph  shows  a  stainless  steel 
plate  formed  by  gas  pressure  at  775°C.  The  sample  ruptured  after  five  minutes  without  properly 
filling  the  die;  the  radius  of  curvature  at  the  apex  is  16  mm.  The  right  hand  side  photograph 
illustrates  a  stainless  steel/UHCS  laminate  part  formed  by  the  same  process  and  under  the  same 
test  conditions  as  the  stainless  steel.  In  this  case,  the  sample  did  not  rupture  and  filled  the 
die  satisfactorily. 

SECTIC*  I.  OTHER  POSSIBLE  8UPERPLASTICITT  MECHANISMS 

In  addition  to  the  detailed  descriptions  of  superplastic  behavior  given  in  the  previous 
sections,  there  are  other  examples  of  superplastic  or  potential  superplastic  mechanisms,  that 
will  be  discussed  briefly. 


Class  I  Superplasticitv 

Cl*ss  I  solid  solutions  are  a  group  of  dilute  alloys  in  which  the  glide  segment  of  the 
glide/climb  dislocation  creep  process  is  rate  controlling  because  solute  atoms  impede 
dislocation  motion  <56, 70, 71, 110) .  This  group  of  alloys  is  of  interest  in  superplastic  studies 
because,  as  a  result  of  the  glide-controlled  creep  mechanism,  they  have  an  intrinsically  high 
strain  rate  sensitivity  of  about  m-0.33  (over  certain  temperature  and  strain  rate  ranges).  The 
intrinsic  nature  cf  the  high  strain  rate  sensitivity  is  important  because  it  suggests  that 
complex  thermomechanical  processing,  such  as  that  needed  for  fine-grained  superplastic  alloys, 
is  unnecessary  in  Class  I  solid  solutions. 

Because  the  strain  rate  sensitivity  in  Class  I  solid  solutions  is  not  as  high  as  that  found  in 
classical  superplastic  materials  (i.e.,  m-0.33  versus  m-0.5  to  1.0),  the  elongations  to  failure 
are  typically  more  modest,  i.e.,  about  200  to  400%.  It  is  probable  that  early  reports  of 
superplasticity  in  coarse-grained  alloys  are,  in  fact,  the  result  of  Class  I  solid  solution 
behavior. 

Alloys  are  listed  in  Table  I  that  exhibit  a  strain  rate  sensitivity  of  m-0.33  and  that  are 
also  believed  to  fulfill  the  criteria  for  Class  I  solid  solutions.  These  criteria  include 
atomic  size  mismatch  and  modulus  (56,71)  as  well  as  chemical  diffusion  considerations  (110).  It 
will  be  noted  in  Table  I  that  coarse-grained  Class  I  alloys  based  on  w,  Nb,  and  A1  all 
demonstrate  large  tensile  elongations  at  elevated  temperatures  <T/Tm>0.4).  An  example  of  creep 
behavior  exhibiting  a  value  of  n-3  (m-0.33)  with  concurrent,  uniform,  large,  tensile  e)  ngation 
is  shown  in  Fig.  25  for  a  Nb-lOHf-lTi  alloy  (112)  .  It  should  also  be  noted  that  Yaney  and  Nix 
(121)  have  pointed  out  that  the  addition  of  solute  atoms  is  not  the  only  way  to  cause 
dislocations  to  move  in  a  viscous  manner.  Lattice  friction  effects  may  also  reduce  the  glide 
mobility.  This  may  be  important  in  covalently-bonded  solids  (such  as  Ge  and  Si)  as  well  as  in 
ordered  intermetallic  compounds.  In  this  latter  group,  strong  repulsive  forces  exist  between 
atoms  of  like  character.  Thus,  the  deformation  behavior  of  B2  compounds  (e.g.  CoAl,  NiBe, 


Fig.  21  Influence  of  multiple  phase 
Fig.  20  Comparison  of  the  internal  stress  transformations  (internal  stress 
creep  model  (Egs.  (6]  and  (8])  with  all  superplasticity)  on  the  densif icat ion  of 
thermal  cycling  data  available  for  zinc  and  white  cast  iron  powders  as  a  function  of 
alpha  uranium.  stress.  High  densities  are  achieved  at  low 

applied  stresses  under  thermal  cycling 
conditions . 


I- V.80%  . 


Fig.  22  Relative  density-time  curves  for  Fig.  23  Ferritic  stainless  steel  samples  in 
fine-grained  1.61C  UHC  steel  powders  and  three  conditions.  The  top  specimen  is  in  the 
commercially-pure  iron  powders  compacted  at  untested  condition,  the  center  specimen  is 
6 5 0°C .  A  constant  applied  pressure  of  stainless  steel  tested  at  825°C  and  e-10“3  s’1, 
43.1  MPa  was  used,  at  which  stress  the  creep  and  the  bottom  spt  ’.men  is  stainless  steel  clad 
rates  of  the  two  dissimilar  materials  are  to  fine-grained  ultrahigh  carbon  steel  tested 
identical.  The  data  is  for  the  intermediate  at  825°C  and  t-10"3  s"1. 
stage  of  compaction. 
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Fig.  24  Forming  capabilities  of  cones  for 
the  cases  of  (LHS)  stainless  steel  and  ( RHS > 
superplastic  laminated  stainless  steel/UHCf . 


Alloys  Exhibiting  Class  I  Solid  Solution  Behavior 


ALLOYS 

5 

L.  ua 

«B1 (max) 

Ref. 

W-33  at  %  Re 

0.2-0. 3 

50-400 

260 

(Ill) 

Nb-lQHf-lTi 

0.33 

75 

>125 

(112) 

No-SV-1 .25Zr 

0.26 

ASTM  #8 

170 

(113) 

Nb-29Ta -8W-0 . 65Zr-0 . 32C 

0.28 

NA* 

>80 

(114) 

Al-5456 (Al-5Mg  base) 

0.33 

20 

153 

(115) 

Al-2  to  4%  Ge 

0.3-0. 6 

100-200 

200-260 

(116) 

Al-Ca-Zn 

0.25 

2 

NA* 

(117) 

Pu  (Ag,  Al,  Zn  impurities) 

0.33 

100 

680 

(118) 

Mg-5.5  Zn  -  0.5Zr 

0.33 

NA* 

-100 

(119) 

Other  materials  showing  m-0.33,  (56,70,71,110/120) 


In-Pb 

Pb-In 

Au-Ni 

NaCl-KCl 

Fe-Al-C 

In-Hg 

Pb-Sn 

Ni-Sn 

Mg-Al 

Al-Cu-Mg 

In-Sn 

Pb-Cd 

p-brass 

Ti-Al-V 

In-Cd 

Cu-Sn 

Ni-Au 

Al-Cu 

*  NA  -  Not  available 


Fig.  25  Class  1  solid  solution  behavior  in  a  C103  (Hb-lOHf-lTi)  alloy  over  the  temperature 
range  1400-1700°C  from  several  studies  exhibiting  n-3(ma0.33)  (left-hand  side)  and  concurrent 
large,  uniform,  tensile  plastic  strains  (over  100%)  (right-hand  side)  (104) . 
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NiAl ) ,  in  which  lattice  friction  ef facts  limit  glide  mobility  may  be  quite  similar  to  that  of 
Class  I  solid  solutions. 

Two  other  examples  in  Table  I,  for  nominally  pure  Pu  and  for  a  Mg  alloy,  also  probably  exhibit 
this  type  of  behavior  but  are  systems  that  require  further  experimental  data.  Other  Class  I 
solid  solutions  are  given  in  Table  X;  in  these  cases,  no  measurements  of  tensile  elongations 
have  yet  been  made. 

VUcog,  Cr— P  IWCInni  w  tor  JwipUnldtT 

As  described  previously,  a  high  strain  rate  sensitivity  is  a  necessary,  albeit  insufficient, 
prerequisite  for  superplastic  flow.  There  are  at  least  three  creep  mechanisms  that  yield  a 
stress  exponent,  n,  of  unity  and  therefore  behave  in  a  nevtonian  viscous  manner  (i.e.,  0*1). 
These  mechanisms  are  the  two  dif f usional-based  mechanisms  of  Nabarro-Herring  (N-H)  and  Coble 
creep,  and  the  slip-creep  mechanism  of  Harper  -  Dorn  (H-D)  creep.  It  should  be  noted  that  Coble 
creep  has  often  been  considered  and  incorporated  into  models  of  superplastic  flow  (12) . 
Furthermore,  because  recent  studies  (122-124)  suggest  that  H-D  creep  usually  predominates  over 
N-H  creep,  the  potential  for  H-D  creep  to  yield  auperplastic  behavior  will  be  emphasized. 

H-D  creep  is  a  slip-creep  mechanism  that  has  been  the  subject  of  increased  research  in  recent 
years  (122-124) .  The  mechanism  yields  a  stress  exponent  of  unity  and  is  usually  observed  at 
high  temperatures  and  modest  strain  rates.  A  deformation  mechanism  map  is  shown  in  Fig.  26  in 
which  grain  size  compensated  by  Burgers  vector  is  plotted  on  the  abscissa  and  modulus 
compensated  stress  is  plotted  on  the  ordinate  at  a  fixed  homologous  temperature.  It  is  noted 
that  H-D  creep  dominates  at  relatively  coarse  grain  sizes  and  low  stresses.  The  metals  shown  on 
this  map  were  formerly  believed  to  deform  by  N-K  creep;  at  that  time,  H-D  creep  was  not 
considered  as  an  alternative  mechanism. 

Because  K-D  creep  has,  to  the  present  time,  only  been  observed  at  low  stresses,  the  associated 
low  creep  rates  have  not  permitted  measurements  of  strain  to  failure.  The  fact  that  ideal 
Newtonian  viscous  behavior  is  found  in  materials  deforming  by  the  H-D  creep  mechanism  leads  to 
the  intriguing  possibility  of  extensive  plastic  flow  in  these  pure  metals  and  alloys.  This 
could  be  of  technological  importance  if  H-D  creep  can  be  developed  at  commercially  -  interesting 
strain  rates,  i.e.,  e  >10”*  a"1.  The  likelihood  of  such  a  development  depends  upon  an 
understanding  of  the  physical  basis  of  H-D  creep.  It  is  currently  believed  that  the  origin  of 
H-D  creep  is  the  same  as  that  obtained  in  ISS  materials  (described  in  Section  B) .  The  internal 
stress  in  the  case  of  H-D  creep  arises  from  the  presence  of  random,  stationary,  dislocations 
existing  within  subgrains.  The  equation  for  H-D  creep  is  similar  to  Eq.  [7],  The  key  physical 
parameters  controlling  the  strain  rate  at  which  H-D  creep  can  be  expected  to  dominate  include 
high  dislocation  density,  low  stacking  fault  energy,  and  high  self  diffusivity.  High 
dislocation  densities  can  be  generated  by  testing  in  a  radiation  or  ultrasound  environment. 
Studies  for  achieving  H-D  creep  under  these  special  environmental  conditions  appear  to  be  worth 
further  pursuit  to  achieve  superplasticity  at  technologically  useful  strain  rates. 

Ultrahlqh  Strain  Rate  Superplaaticltv 

The  final  example  of  a  viscous-like  creep  mechanism  is  that  found  at  extremely  high  strain 
rates,  i.e.,  up  to  strain  rates  of  approximately  103  to  105  s"1.  Such  high  strain  rates  are  in 
excess  of  those  used  in  high  rate  forming  operations  such  as  explosive  forming  and  rapid 
omnidirectional  compaction.  The  evidence  for  possible  superplastic  behavior  at  strain  rates  of 
10*  to  105  s-*  has  been  previously  reported  (125) .  In  this  work,  flash  X-rays  were  taken  of  Al 
and  Cu  shape  charged  liners  undergoing  large  apparent  tensile  elongations  as  shown  in  Fig.  27. 
in  these  experiments,  a  shape  charged  liner  (i.e.,  a  hollow  cone)  undergoes  a  shape  change  to  a 
long  rod,  in  the  solid  state,  at  extremely  high  strain  rates  of  up  to  103s“*.  The  x-ray  data 
support  the  contention  that  deformation  is  occurring  in  the  solid  state,  i.e.,  well  below  the 
liquidus  of  the  metals. 

It  should  be  noted  that  there  are  a  number  of  studies  of  deformation  at  high  strain  rates  in 
which  high  strain  rate  sensitivites  have  been  reported,  for  example,  in  LiF  crystals  (126)  .  An 
example  of  raw  data  on  metals  from  recent  work  by  Follansbee  (127)  is  shown  in  Fig.  26;  as  may 
be  seen,  apparently-high  strain  rate  sensitivites  are  found  at  ultrahigh  strain  rates.  The 
interpretation  of  such  data,  however,  has  been  discussed  by  Follansbee  who  has  questioned 
whether  such  high  strain  rate  sensitivites  are  real,  or  are  instead  the  result  of  testing 
techniques  as  well  as  structural  changes  with  strain  rate.  Kunze  and  Mayer  (128)  have  found 
similar  trends  in  strain  rate  sensitivity  increases  with  increase  in  strain  rate  at  very  high 
strain  rates  for  a  number  of  commercial  steel  and  titanium  alloys.  They  have  also  evaluated  the 
tensile  ductility  of  a  number  of  their  alloys  at  high  strain  rates  and  have  determined  that  the 
elongation  increases  with  increase  in  strain  rate.  For  example,  for  a  T1-6A1-4V  alloy  tested  at 
room  temperature,  their  data  reveal  the  following  relation  between  m  and  %  elongation-to- 
failure:  at  2  m  -  0.01  and  e  -  14%,  at  2  x  10^  a”*,  m  -  0.025  and  -  16%,  and  at  2  x  103 
s"*,  m  —  0.095  and  ef  -18%.  Extrapolation  of  these  results  to  strain  rates  of  10*  to  10^  a*1 
would  suggest  the  possibility  of  achieving  high  strain  rate  sensitivities  and  associated  high 
ductilities . 

It  is  worth  pointing  out  that  in  the  case  of  explosive  forming,  high  strain  hardening  rates 
(as  opposed  to  high  strain  rate  sensitivity)  is  often  used  to  explain  the  capability  of  metals 
to  undergo  extensive  plastic  deformation.  In  the  case  of  the  plasticity  described  for  the 
example  of  shape  charged  liners  this  viewpoint  should  also  be  considered.  It  is  important  to 
note,  however,  that  the  phenomenon  is  observed  not  only  in  the  FCC  metals  of  Al  and  Cu,  but  also 
in  the  BCC  metals  Ta  and  tf.  Unlike  FCC  metals,  the  BCC  metala  show  very  limited  strain  hardening 
characteristics  as  strain  rates  increase,  and  it  is  unlikely  that  such  effects  can  account  for 
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rig.  26  Deformation  map  for  metals  and  Fig.  27  Flash  radiographs  of  an  aluadnum  rod 

dilute  alloys  at  a  high  homologous  temperature  undergoing  large  strain  plastic  deformation  at 

( 0 . 9TJ .  H-D  creep  dominates  at  low  stresses  extremely  high  strain  rates  (125). 
and  coarse  grain  sixes  and  has  been  used  to 
explain  the  Newtonian-viscous  creep  behavior 
of  the  pure  metals  shown  in  the  fi  're  (123). 


rig.  28  Apparent  Newtonian  viscous  flow  is 
observed  at  very  high  strain  rates  in  two  FCC 
alloys  (127). 


TRUE  STRAW  RATH  (s'1) 


rig.  29  Overview  of  documented  superplastic  behavior  as  a  function  of  strain  rate,  including 
possible  areas  in  which  superplastic  behavior  may  be  observed.  (Mote  the  break  in  the  strain 
rate  scale  at  10"*  a"1) . 
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the  extremely  high  plastic  deformation  that  is  observed.  The  area  of  potential  superplastic 
flow  at  such  high  strain  rates  is  an  intriguing  one.  To  place  the  phenomenon  in  perspective,  an 
overview  of  the  various  types  of  superplastic  behavior  described  in  this  review,  in  the  form  of 
superplastic  elongation  as  a  function  of  strain  rate,  is  presented  in  Fig.  29. 
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SUMURY 

Cavitation  occurs  in  many  alloy  systems  during  superplastic  flow.  Cavities  either  pre-exist  or 
nucleate  on  grain  boundaries  and  their  subsequent  growth,  coalescence  and  interlinkage  leads  to  pretMture 
failure.  The  presence  of  cavities  in  superplastlcally  formed  components  to  be  used  for  load  bearing 
applications  *s  clearly  undesirable.  It  is  apparent  from  studies  on  a  wide  range  of  materials  that  cavity 
growth  is  dominated  by  matrix  plastic  flow  and  that  coalescence  plays  an  Important  role  In  the  development 
of  large  cavities.  Hence,  if  cavitation  damage  is  to  be  prevented.  It  Is  necessary  to  inhibit  the 
nucleatlon  event  and  to  avoid  the  presence  of  pre-existing  defects  by  careful  control  of  the  processing 
required  to  produce  the  superplastic  microstructure.  The  Influence  that  microstructural  features  and 
deformation  conditions  have  on  cavity  nucleatlon  is  examined  for  a  number  of  alloy  systems,  and  It  Is 
clear  that  It  Is  difficult  to  control  these  paraswters  so  as  to  totally  avoid  cavitation.  However, 
cavitation  can  be  eliminated  by  the  application  of  a  hydrostatic  pressure  during  forming.  This  reverses 
the  sense  of  the  driving  force  for  cavity  growth  and  the  conditions  for  zero  growth,  which  depend  on  the 
geoaMtry  of  deforsiation,  have  been  identified.  Cavitation  damage  can  be  prevented  by  superimposed 
pressures  of  0.5  to  0.75  of  the  uniaxial  flow  stress,  although  lower  levels  of  pressure  can  substantially 
reduce  the  extent  of  cavitation. 


1.  INTRODUCTION 

Despite  the  large  plastic  strains  that  may  be  achieved  it  is  well  established  that  cavitation  may 
occur  during  superplastic  flow  (1-3).  Alloys  for  which  cavitation  has  been  reported  include  those  based 
on  aluminium  (4-6],  copper  (9-15),  iron  (16-19],  lead  (20],  magnesium  (21],  silver  [22],  titanium  [23-25] 
and  zinc  [26-29],  The  cavities  nucleate  on  grain  boundaries  as  a  result  of  incomplete  accommodation  of 
grain  boundary  sliding,  and  their  subsequent  growth,  coalescence  and  interlinkage  leads  to  premature 
fracture.  There  is  also  evidence  that  cavities  nay  grow  from  pre-existing  defects  such  as  cracks, 
associated  with  hard  internetalllc  particles  or  Inclusions,  which  form  during  the  thermoisechanical 
processing  required  to  develop  superplastic  nlcrostructures  [301. 

In  non-cavl bating  alloys  failure  during  superplastic  tensile  deformation  occurs  as  a  result  of 
unstable  plastic  flow  and  usually  results  in  the  material  pulling  down  to  an  almost  negligible 
cross-sectional  area  at  fracture,  as  seen  in  the  upper  specimen  in  Fig.  1  for  uniaxial  straining.  On  the 
other  hand,  tensile  failure  resulting  from  the  lnterllnkage  of  cavities  leads  to  a  macroscopically  flat 
fracture  face  as  seen  in  the  lower  specimen  in  Fig.  1. 


Figure  1.  Fractured  tensile  specimens  showing  failure  by 
unstable  plastic  flow  (T1-6A1-4V)  (upper),  and  cavitation 
failure  (7575  A1  alloy)  (lower).  Elongation  -  9001. 

Apart  from  the  effect  of  cavitation  on  failure  mode,  a  much  more  important  consideration  is  Its 
influence  on  the  service  behaviour  of  superplastlcally  formed  parts.  As  many  load  bearing  components  are 
being,  or  will  be,  used  in  the  aerospace  industry,  the  presence  of  cavitation  damage  and  its  elimination 
will  be  an  important  consideration  in  the  development  of  superplastic  materials  and  forming  processes.  A 
significant  requirement  for  cavitation  is  the  presence  of  a  local  tensile  stress.  Under  conditions  of 
homogeneous  compression  cavitation  la  not  observed  and  cavities  which  have  been  produced  during 
superplastic  tensile  flow  are  reamved  during  subsequent  compressive  flow  [31,32].  Superplastlc  closed  die 
forging  of  nickel-base  superalloys  ouch  as  IN100,  starting  from  hot  pressed  powders  which  are  heavily 
worked  by  extrusion,  has  been  used  in  the  manufacture  of  turbine  disco  to  give  a  sound  cavity  free  product 
of  uniform  microstructure  (33].  It  has  been  demonstrated  that  the  super imposition  of  hydrostatic  pressure 
during  uniaxial  and  biaxial  superplastlc  tensile  deforsuttlon  can  reduce  or  eliminate  cavitation  (34). 
Cavitation  can  also  be  resmved  by  a  post-forming  hot  isostatlc  pressing  treatswnt  (35). 

To  control  cavitation  it  is  important  to  understand  the  microstructural  and  deformation  paraswters 
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which  influence  Lta  jccurrenc*.  The  present  paper  exmines  the  factors  which  Influence  cavity  nucleatlon, 
the  processes  which  may  be  Involved  in  cavity  growth,  and  the  role  of  cavity  coalescence.  Failure  in 
cavltating  systeas  is  also  outlined.  The  ways  in  which  cavitation  damage  may  be  minimised  are  considered 
and,  in  particular,  the  role  that  imposed  hydrostatic  pressures  have  on  cavitation  during  superplastic 
flow  is  discussed. 


2.  CAVITY  NUCLEATION 

Strain  la  accumulated  during  superplastic  flow  primarily  as  a  result  of  grain  boundary  sliding. 
Deformation  occurs  topologically  and  the  formation  of  voids  becomes  geometrically  necessary  if  rigid 
grains  are  to  move  relative  to  each  other  [36,37]  Fig.  3.  Fortunately,  however,  the  relative 
displacements  can  be  accommodated  by  the  redistribution  of  matter  within  a  narrow  zone,  or  mantle, 
adjacent  to  the  grain  boundary  of  width  -0.07d,  where  d  is  the  grain  diameter  [38].  This  accomodation 
can  be  achieved  by  grain  boundary  and  volume  diffusion,  the  movement  of  grain  boundary  dislocations,  or  by 
the  glide  and  climb  of  dislocations  across  the  grains.  The  driving  force  for  these  processes  is  provided 
by  local  variations  in  the  magnitude  of  the  unrelaxed  grain  boundary  normal  tractions  and  shear  stresses 
[40-42].  When  the  accommodating  processes  fail  to  meet  the  requirements  Imposed  by  the  deformation  rate 
then  the  stresses  are  not  relaxed  sufficiently  quickly  and  cavities  nucleate. 


Figure  2.  Cavitation  behaviour  of  a  super- 
plastic  a/g  Cu-Ni-Zn  alloy  deformed  in 
tension  and  compression. 


accommodation 


Figure  3.  Representation  of  void  nucleatlon, 
growth  and  coalescence,  due  to  unaccommodated 
grain  boundary  sliding. 


The  factors  which  Influence  cavity  nucleatlon  include  those  which  relate  to  microstructure  such  as 
grain  size,  the  type,  size,  volume  fraction  and  distribution  of  hard  particles,  the  proportions  and 
physical  properties  of  the  major  phases,  and  those  which  are  associated  with  the  deformation  conditions 
such  as  strain,  strain  rate,  temperature  and  stress  state.  As  will  be  seen  there  is  often  a  strong 
interaction  between  microstructure  and  deformation  conditions. 

Stowell  [30]  has  proposed  a  relationship  from  which  the  critical  strain  rate,  ec,  below  which  cavity 
nucleatlon  at  a  grain  boundary  particle  of  diasMter,  D,  is  likely  to  be  Inhibited  by  dlffusional  stress 
relaxation  can  be  predicted.  This  is  given  by: 


•  11. Soft  Dgb 

C  "  xd02  ’  kT 
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where  d  is  the  grain  diameter,  x  is  the  fraction  of  the  total  strain  carried  by  grain  boundary  sliding, 
°gb  11  th*  Sr*in  boundary  diffusion  coefficient,  o,  the  flow  stress  at  the  imposed  strain  rate,  and  (1,  the 
atosic  volume.  If  the  critical  strain  rate  is  less  than  the  imposed  strain  rate  then  cavity  nucleatlon  is 
likely.  It  can  be  seen  from  the  relationship  that  saull  grain  sizes  and  small  particles  will  minimise 
cavitation.  It  is  also  predicted  that  deformation  at  high  temperatures  (high  D.5)  and/or  slow  strain 
rates  will  inhibit  cavitation,  but  this  is  not  cosmterclally  attractive  since  energy  costs  will  be  high 
and/or  forming  times  will  be  too  long.  Additionally,  structural  instability  at  elevated  temperatures,  or 
over  long  times,  can  result  in  substantial  grain  growth  and/or  enhanced  cavitation.  Observations  of 
cavities  at  the  nucleatlon  stage  are  difficult  to  make,  and  Information  on  nucleatlon  usually  has  to  be 
deduced  from  specimens  in  which  cavities  have  grown  to  a  size  where  they  are  resolvable. 


2.1  Hard  Particles 


Experimental  studies  on  superplastic  alloys  have  shown  a  correlation  between  the  presence  of  hard 
second  phase  particles  and  cavitation,  while  microduplex  materials  which  are  particle  free  do  not  normally 
cavitate  readily.  Such  a  correlation  has  been  observed  for  the  case  of  the  non-cavltatlng  Pb-Sn  eutectic 
[20],  The  addition  of  a  third  element  led  to  the  formation  of  intermetallic  phases  of  Increasing  hardness 
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e.g.  SbSrv,  Ag^Sn  and  Cu^Sn^.  On  subsequent  super plastic  deformation,  cavities  were  observed  to  nucleate 
at  particle/matrix  interfaces  and  this  was  attributed  to  the  limited  ability  of  the  lntermetalllc  phases 
to  contribute  to  the  accowaodat ion  of  grain  boundary  sliding.  The  level  of  cavitation  for  a  given  strain 
was  seen  to  increase  as  the  hardness,  volume  fraction  and  particle  size  of  the  lntermetalllc  phase  increased. 
The  presence  of  iron  and  silicon-rich  inclusions  in  aluminium  alloy  74 75  (4),  of  primary  ZrAlj  and  C11AI2 
in  Al-Cu-Zr  alloys  (Supral)  (43),  of  large  particles  of  Ti(C,N)  and  o-phase  in  «/y  duplex  stainless  steels 
(19,44),  and  of  cobalt  silicide  particles,  CoSl  and  C0SI2  ,  in  the  copper-base  alloy  Coronze  638,  appear  to 
be  largely  responsible  for  cavitation  in  these  materials.  Hard  particles  associated  with  cavities  are 
seen  in  Fig.  4. 


(a)  (b) 

Figure  4.  Cavities  associated  with  (a)  C11AI2  particles 
in  Supral  220  (b)  Ti(CN)  in  a/7  stainless  steel  IN744. 

It  is  interesting  to  note  that  a/0  titanium  alloys  do  not  readily  cavltltate.  The  impurities  which 
are  responsible  for  the  formation  of  hard  particles  in  other  duplex  materials  such  as  carbides,  nitrides 
and  oxides  in  steels  (19),  and  sulphides  in  a/0  copper  alloys  (43,46),  are  not  so  important  in 
titanium-based  alloys  which  tend  to  take  impurity  elements  into  solid  solution  at  elevated  temperatures. 

Particle/matrix  interfaces  on  sliding  grain  boundaries  are  likely  sites  for  cavity  nucleation,  since 
the  stress  concentrations  and  low  surface  energies  combine  to  substantially  reduce  the  critical  void 
radius,  r,  equal  to  2r/o,  where  7  is  surface  energy  and  o  is  stress  (47).  In  the  absence  of  particles  it 
is  unlikely  that  the  stresses  and  required  vacancy  supersaturetione  are  attainable  during  deformation  at 
elevated  temperatures,  and  conventional  nucleation  by  vacancy  concentration  is  impossible  (48).  However, 
since  cavities  cannot  be  obr  ->rved  at  the  nucleation  stage,  the  association  of  cavities  with  lntermetalllc 
particles  may  also  be  the  result  of  pre-existing  defects  such  as  cracks  or  regions  of  cohesion  which  have 
developed  during  the  thermomechanical  processing  required  to  produce  the  superplastic  microstructure 
(30). 


2.2  Phase  Proportions  and  Characteristics 

In  duplex  materials  the  relative  proportions  and  characteristics  of  the  phases  which  make  up  the 
microstructure  can  have  a  marked  Influence  on  cavitation  behaviour.  This  can  be  readily  Illustrated  by 
reference  to  a/0  brasses  for  which  the  volume  fraction  of  cavities  which  form  for  given  deformation 
conditions,  increases  as  the  voIusm  fraction  of  a-phase  is  Increased  (49-521  Fig.  5.  It  has  been  proposed 
that  the  fee  a-phase  behaves  on  a  hard  undeformable  constituent  and  that  grain  boundary  sliding  is  wholly 
accommodated  by  diffusion  and  plastic  flow  within  the  bcc  0-phase.  A  reduction  in  the  volume  fraction  of 
0-phase  limits  the  ability  of  the  microstructure  to  dissipate  stress  concentrations  and  hence  promotes 
cavity  nucleation.  An  analogous  effect  is  observed  on  reducing  the  volume  fraction  of  0-phase  in  the 
structurally  similar  «/0  titanium  alloys  (25),  although  the  levels  of  cavitation  observed  are  appreciably 
less  than  for  «/0  copper  alloys.  For  a  number  of  a/0  titanium  alloys  optimum  superplastic  behaviour  is 
associated  with  a  volume  fraction  of  0-phase  of  about  0.4  (53).  This  is  presumably  sufficient  to 
accommodate  grain  boundary  sliding  and  to  give  maximum  stability  to  the  fine  grain  microstructure. 


2.3  Crain  Size 


There  is  considerable  experimental  evidence  which  supports  the  relationship  between  increasing  grain 
size  and  increase  in  cavity  nucleation.  This  observation  may  be  interpreted  in  terms  of  the  increasing 
distances  over  which  the  accommodation  processes  have  to  operate,  or  can  be  related  to  the  associated 
increase  in  flow  stress  which  will  lead  to  a  decrease  in  critical  nucleu;  size.  In  the  aluminium  alloy 
Supral  220,  where  the  volumetric  growth  rate  is  almost  Independent  of  strain  rate  and  temperature,  the 
volume  fraction  of  voids  was  found  to  Increase  with  Increase  in  grain  size  (8)  (Fig.  6).  Moreover,  grain 
growth  during  superplastic  flow,  has  been  invoked  as  a  reason  for  the  apparent  continuous  nucleation  of 
cavities  in  both  7475  and  Supral  220  (8,54).  The  role  of  increasing  grain  size  has  also  been  reported  for 
a/fl  brass  (12)  and  for  the  highly  superplastic  Zn-Al  eutectold  alloy  (29).  For  the  latter  material, 
cavitation  was  minimal  for  initial  grain  sizes  <5um.  Superplastic  deformation  led  to  grain  growth  and  when 
the  grain  size  exceeded  a  threshold  of  about  8pm,  nucleation  of  cavities  became  significant. 
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true  strain  TEMPERATURE  °C 


Figure  5.  Cavitation  in  «/0  brass  as  Figure  6.  Relationship  between  grain  else 

a  function  of  superplastic  strain  for  and  cavitation  for  Supral  220  deforced  to 

different  phase  proportions.  300Z  elongation  at  various  temperatures. 

The  importance  of  microstructural  stability  in  relation  to  cavitation  during  superplastic  flow  has 
been  reviewed  for  Fe-C  alloys  116).  Plain  carbon  steels  with  a  fine  grain  f err it e/cement lte 
■icrostructure  show  extensive  cavitation  at  FejC/a  interfaces  and  low  elongations  to  failure,  -  100Z  [55). 
This  is  associated  with  coarsening  of  the  cementlte  particles  during  superplastic  deformation,  which  is 
accompanied  by  an  increase  in  ferrite  grain  size.  By  Increasing  the  carbon  level  of  coMerclally  based 
steels  to  -1.6X,  and  hence  markedly  increasing  the  volume  fraction  of  cementita,  Sherby  and  his  coworkers 
showed  that  a  very  fine  stable  microstructure  could  be  produced  on  thermomechanical  processing.  The 
structure  could  be  further  stabilised  by  the  addition  of  1  to  1.5ZCr  which  partitioned  preferentially  to 
the  cementlte  and  increased  its  resistance  to  coarsening.  The  ultra  high  carbon  alloys  are  capable  of 
undergoing  large  tensile  strains,  >1000Z  elongation,  and  are  extremely  resistant  to  cavitation  despite  the 
Increased  volume  fraction  of  cementite  particles  which  they  contain  [56,57]. 

An  analogous  microstructure  is  that  produced  in  a  complex  commercial  aluminium  bronze  of  nominal 
composition:-  Cu-10ZAl-5ZFe-5ZNi ,  by  Higashi  and  coworkers  [58).  The  material  can  be  thermomechanically 
processed  to  produce  a  fine  grain  microstructure  (d  ~2~3jim)  stabilised  by  a  dispersion  of  alumlnides  based 
on  Fe3Al  and  NiAl.  At  BOO°C  the  alloy  has  an  «-phaae  matrix  containing  about  30Z  by  voluste  of  0-phase  and 
about  30X  by  volume  of  fine  alumlnide  particles  (K-phases).  Its  superplastic  behaviour  is  untypical  of 
that  of  most  copper-base  alloys  in  that  it  is  capable  of  undergoing  very  considerable  tensile  strains  with 
relatively  low  cavitation.  The  largest  uniaxial  tensile  elongation  so  far  recorded  in  the  literature, 
5,500Z  without  failure,  has  been  reported  for  this  alloy  [56]. 


2.4  Strain  Rate  and  Temperature 


It  would  be  reasonable  to  expect  that  Increasing  the  deformation  temperature  and/or  reducing  the 
strain  rate  would  reduce  cavity  nucleatlon.  Flow  stresses  would  be  generally  lower  and  there  would  be 
more  time  at  the  lower  strain  rates  for  the  relaxation  of  stresses  generated  by  grain  boundary  sliding, 
while  diffusion  processes  would  occur  more  rapidly  at  the  higher  temperatures.  However,  the  effect  of 
changes  in  strain  rate  and  temperature  on  cavitation  during  superplastic  deformation  varies  widely 
depending  on  the  material.  The  differences  observed  are  often  due  to  mlcrostructural  changes, 
particularly  in  the  grain  size  of  the  materia:!. 


nu«  tTNAJN 


(a) 


<b) 


Figure  7.  Effect  of  (a)  Strain  rate  and  (b)  temperature  on  cavitation  in  7475  Al  alloy  [59) 
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Figure  8.  Effect  of  teaperatur«  and  strain  rate  on  cavitation  in  Supra]  220, 

In  aluminium  alloy  7475  the  expected  behaviour  is  observed  in  that  increasing  strain  rate  and 
decreasing  temperature  Increase  the  level  of  cavitation  for  a  given  strain.  This  is  illustrated  in  Fig. 
7.  for  two  batches  of  7475  Al  alloys  showing  different  cavitation  behaviours  (59).  In  Supral  220 
decreasing  the  strain  rate  from  lO-2s“*  to  10“^s“l  results  in  a  decrease  in  the  overall  level  of 
cavitation  at  a  given  strain  but  further  reductions  in  strain  rate  to  10“*s_1  result  in  a  steady  increase 
in  cavitation  (8]  (Fig.  8).  Since  the  strain  rate  sensitivity  and  volumetric  strain  rates  are  essentialy 
constant  at  strain  rates  from  10"5s“1  to  10“2s*1,  it  is  unlikely  that  the  increased  levels  of  cavitation 
at  the  lower  strain  rates  result  from  enhanced  cavity  growth.  At  the  lower  strain  rates,  grain  growth 
during  superplastic  deformation  is  appreciable  and  it  is  likely  that  the  detrimental  effect  of  Increased 
grain  sire  on  cavitation  more  than  outweighs  the  benefical  effect  of  lower  strain  rates.  For  Supral  220  an 
increase  in  deformation  temperature  leads  to  increasing  cavitation  through  its  effect  on  grain  size  [8) 
(Fig.  8  and  Fig.  6). 

Studies  of  cavitation  in  a/P  nickel  silvers  have  shown  that  both  the  volume  fractions  and  size 
distributions  of  cavities  are  independent  of  strain  rate  and  temperature  (45)  (Fig.  9).  Similar 
observations  on  volume  fractions  of  cavities  have  been  reported  for  <x/r  stainless  steels  [60]  and  for  the 
single-phase  copper-base  alloy,  Coronze  638  [15).  Since  void  growth  during  superplastic  flow  is  strain 
dominated,  as  will  be  seen  in  the  next  section,  the  observed  independence  of  the  level  of  cavitation  on 
both  strain  rate  and  temperature  reflects  the  important  role  of  pre-existing  defects  and/or  the  ease  with 
whi 'h  void  nucleation  may  occur  at  second  phase  particles. 


3.  CAVITY  GROWTH 


3 . I  Diffusion  Controlled  Growth 


A  cavity  located  on  a  grain  boundary,  whether  nucleated  during  superplastic  flow  or  pre-existing,  may 
grow  by  stress  directed  vacancy  diffusion  along  the  boundaries  which  intersect  the  surface  of  the  void,  by 
plastic  defonsation  of  the  surrounding  material,  or  by  a  combination  of  both  of  these  mechanisms,  (coupled 
growth).  Diffusion  controlled  growth  of  spherical  Intergranular  cavities  which  are  equl-sized,  equl-spaced 
and  small  relative  to  the  grain  size  has  been  analysed  by  several  workers.  The  analysis  of  Raj  and  Ashby 
(47)  gives 
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where  ojL  is  the  maximum  principal  stress  local  bo  the  grain  boundary,  0  is  the  atomic  volume,  y  the 
surface  energy,  r,  the  cavity  radius  and  X,  the  cavity  spacing.  Other  t elatlonships  derived  in  the 
literature  differ  in  the  form  of  the  last  term,  containing  only  r  and  X.  It  can  be  seen  from  Eq.  2  that 
the  rate  of  growth  of  an  isolated  void  varies  as  the  inverse  square  of  void  radius  and  thus  slows  down  as 
the  void  grows. 

Equation  (2)  has  been  derived  for  the  case  of  uni-axial  tension  but  can  be  written  in  more  general 
terms  which  allow  the  effects  of  multi-axial  states  of  stress  and  alternative  geometries  of  deformation  to 
be  considered.  The  maxlsnim  principal  stress,  oiL,  can  be  re-defined  in  terms  of  the  von  Mises  equivalent 
stress,  og,  and  the  superimposed  hydrostatic  pressure,  If  the  surface  tension  term  in  Eqn.  2  is 
ignored,  since  for  the  moot  part  it  is  negligible  with  respect  to  oE,  then 

°iL  -  °e  [  j2  -  *-  ]  <3> 

where  ko  is  a  geometric  constant  that  depends  on  the  mode  of  deformation  (uniaxial,  equi  biaxial  or  plane 
strain)  and  the  extent  of  grain  boundary  sliding. 
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Once  the  cevlty  become*  comparable  In  else  to  the  grain  else,  d,  of  the  material,  either  by 
coalescence  with  adjoining  cavities  or  by  the  absorption  of  vacancies,  the  surface  of  the  void  will  be 
intersected  by  several  grain  boundaries.  It  has  been  predicted  that  the  rate  of  void  growth  due  to 
diffusion  along  these  boundaries  then  becosMs: 


d.  45  pgbdO  f  °1  ' 

d*  "  d*  l  r  . 


(4) 


which  unlike  equation  (2)  is  Independent  of  cavity  radius  (61) 


3.2  Plasticity  or  Strain  Controlled  Growth 


Cavity  growth  as  a  result  of  deformation  of  the  surrounding  matrix  leads  to  the  relationship  (62] 

a;  *  S  (  r  "  ili  ]  <5> 

where  n,  the  cavity  growth  rate  parameter,  is  dependent  on  both  the  applied  stress  and  the  geometry  of 
deforsMtlon.  Unlike  diffusion  controlled  growth,  the  rate  of  growth  of  voids  increases  linearly  with  void 
sire  and  is  Independent  of  strain  rate.  Plasticity  dominated  void  growth  is  governed  by  the  ratio  of  the 
mean  stress,  o*L,  to  the  von  Hlses  equivalent  stress,  og.  The  form  of  n  in  equation  (3)  has  been 
determined  for  rate  sensitive  suiterlals  to  be  (3,63,64) 


(¥)  —  [>(ai[5!-Si]] 


or  (2,63] 

where 


-  j  (l  ♦  0.932m  -  0.432m2)1^"  J  ^  j 


(7) 


(6) 


P  is  the  superimposed  pressure  and  ks  is  a  constant,  equivalent  to  kp,  which  Is  dependent  on  the  geometry 
of  deformation  and  the  extent  of  grain  boundary  sliding.  To  obtain  the  values  of  ks  and  kp  appropriate  to 
uniaxial,  balanced  bi-axial  and  plane  strain  deformation,  the  stress  state  local  to  the  sliding  grain 
boundary  needs  to  be  determined. 

From  the  analyse*  of  Beere  (40,66],  and  Cocks  and  Ashby  (63,67],  it  can  be  shown  that  the  extent  of 
triaxiality  on  freely  sliding  grain  boundaries  is  given  by 
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while  for  the  case  of  fully  rigid  grains  the  local  and  remote  mean  stresses,  and  a*” ,  respectively, 
are  equivalent.  The  magnitude  of  the  Mxlmum  principal  stress  local  to  the  grain  boundary,  oiL,  will  also 
depend  on  the  extent  of  grain  boundary  sliding.  For  the  case  of  totally  rigid  grains  the  local  maximum 
principal  stress,  oiL.  is  equal  to  the  remn-e  maximum  principal  stress,  a\mt  while  for  a  freely  sliding 
boundary  the  ratio  of  the  local  maximum  principal  stress  to  the  von  Mlse*  equivalent  stress  is  given  by 
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The  relationships  for  the  stress  state  local  to  the  grain  boundary  apply  only  when  the  material  is 
continuous  and  break  down  when  cavitation  occurs*  They  can  only  act  as  a  guide  to  the  magnitude  of  the 
sMxlmum  principal  stress  and  the  mean  stress  that  might  be  experienced  by  cavities  growing  during 
superplastic  flow.  The  limiting  values  of  kp  and  k,  may  be  obtained  from  the  values  of  oi®/og  and  o^Vog 
derived  from  the  remotely  applied  principal  stresses  in  uniaxial,  equiblaxial  and  plane  strain 
deformation,  by  using  equations  (3),(S),(9)  and  (10).  The  values  are  summaris'd  in  Table  I. 


Table  I.  Limiting  values  of  kg  and  k,  for  diffusion  controlled  and  strain  controlled 
cavity  growth  (OX  ■  no  grain  boundary  sliding,  100Z  “  freely  sliding  grains) 


Deformation  Node 

k0 

OX 

100X 

OX 

‘^s 

loot 

Uniaxial 

3 

4 

1 

2 

Equiblaxial 

3 

3.5 

2 

2.5 

Plane  strain 

2^3 

2 . 5V3 

✓  3 

1 . 573 

The  values  of  kp  and  ka  appropriate  to  superplastic  deformation  will  depend  on  the  extent  of  grain 
boundary  sliding.  For  most  superplastic  alloys  about  30X  of  the  strain  1*  due  to  grain  boundary  sliding 
so  that  the  value  of  either  Vp  or  kg  can  be  taken  as  mid-way  between  the  limiting  values  listed  in  Table 
I.  It  can  be  seen  from  equations  (3)  and  (6)  that  cavity  growth  by  dlffuslonal  or  plasticity  processes 
will  cease  when 

f  >  »D..  Y  <U) 

Hence,  growth  of  cavities  can  be  prevented  during  superplastic  forming  by  the  application  of  a 
suitable  confining  pressure  or  "back"preseure . 
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Figure  9.  Cavity  size  distributions  in 
an  «/0  Cu-Nl-Zn  alloy  deforced  at  three 
constant  strain  rates. 


Figure  10.  Comparison  of  experimental  and 
predicted  cavity  growth  rates  for  an  a/y 
stainless  steel  deformed  in  uniaxial 
tension  at  100O°C. 


3.3  Analysis  of  Cavity  Growth 

If  the  rate  of  change  of  void  radius  with  strain  predicted  for  each  mechanism  (equations  2,  4  and  5) 
is  examined  for  the  majority  of  superplastic  materials  deformed  under  optimum  conditions*  then  the  growth 
of  individual  voids  would  be  expected  to  be  dominated  initially  by  stress  directed  vacancy  diffusion 
(equation  2).  However,  when  once  the  void  attains  a  radius  of  -ljim  then  strain  controlled  growth  (viscous 
growth)  dominates  as  is  seen  in  Figure  10  for  measurements  r^ade  on  an  a/?  stainless  st'  deformed  at 
10OO°C.  Metal lographic  studies  show  that  small  voids  (r  <  0.5um)  usually  have  a  spherl  torphology, 

although  it  is  uncertain  whether  this  is  the  result  of  dlffusional  growth,  or  plastlci  growth  with 
surface  diffusion,  whereas  larger  voids  may  show  more  irregular  morphologies  (Fig.  11).  Studies  made  of 
cavity  closure  rates  during  superplastic  compressive  flow  show  that  shrinkage  is  also  dominated  by  plastic 
flow  132).  Superplastic  dlffusional  growth  (equation  4)  la  only  significant  in  materials  with  a  fine 
grain  size  deformed  at  strain  rates  of  about  lOT4**-*  or  less,  and  then  only  for  voids  with  diameters 
greater  than  the  grain  size  and  less  than  -lOnm. 

The  relationships  which  describe  void  growth  (equations  2,4  and  5)  each  predict  a  different  variation 
of  void  volume  with  strain.  Void  volumes  in  superplastlcally  deformed  specimens  can  be  obtained  using 
precision  density  measurements  or  quantitative  metallography,  and  if  plotted  against  strain  should  enable 
the  dominant  void  growth  mechanism  to  be  identified',  provided  that  cavity  coalescence  is  not  significant. 
For  conventional  dlffusional  growth,  Eq.  2  predicts  that  void  volume  fraction  should  Increase  linearly 
with  strain  (dr/de  «  l/r2;  V  a  e).  If  the  voids  are  larger  than  the  grain  size  and  dlffusional  growth 
dominates  then  the  cube  root  of  the  void  volume  fraction  will  increase  linearly  with  strain  (dr/d«  ■ 
constant;  a  e),  whereas  for  strain  controlled  void  growth  the  void  volume  fraction  would  be  expected 

to  Increase  exponentially  with  strain  (dr/de  a  r;  V  a  exp(e)). 

The  variation  of  the  volusw;  fraction  of  voids  with  strain  has  been  measured  for  several  aluminium 
alloys  {5,34,6/1-71),  a/0  copper  alloys  (13,45, 50, 72, 73J ,  low  alloy  steels  (181  and  a /y  microduplex 
stainless  steels  (19).  In  all  cases  the  variation  of  void  volume  fraction  with  strain  is  best  represented 
by  an  exponential  relationship  (Fig.  12).  This  supports  the  view  that  for  the  most  part  void  growth  is 
plasticity  controlled.  The  most  significant  deviations  from  strain  control  occur  at  low  volume  fractions 
and  low  strains,  where  the  voids  are  small  and  isolated,  and  where  diffusion  control  might  be  expected  to 
be  Important.  However,  few  measurements  of  the  variation  of  void  volume  fraction  with  strain  have  been 
reported  for  low  strains. 


4.  CAVITY  COALESCENCE 

The  change  of  void  rs  lus  with  strain  calculated  from  equations  2,4  and  5  is  plotted  in  Fig.  13a,  for 
Supral  220  deformed  under  the  optimum  condition  for  superplast icity .  It  has  been  assumed  that  the  void 
pre-existed  and  that  at  the  start  of  deformation  it  had  the  minimum  size  consistent  with  thermodynamic 
stability  <r0  •  2 y/o).  It  can  be  seen  that  diffusion  control  is  Important  in  the  early  stages  of  growth. 
At  a  radius  of  “0.6nm  strain  controlled  growth  is  becoming  important  and  dominates  for  void  radii  >lum. 
Fig.  13b  shows  the  calculated  contribution  of  diffusion  and  plastic  strain  to  the  predicted  ' composite) 
growth  rate.  It  can  be  seen  that  after  strains  of  2.0  (equal  to  6001  elongation)  the  largest  void  would 
only  have  a  radius  of  2pm,  which  is  significantly  less  than  that  observed  experimentally  (Fig.  13b). 
These  differences  arc  attributed  to  coalescence  which  can  make  an  important  contribution  to  void  growth  in 
superplastic  materials. 


Figure  11.  Cavity  morphologies  (a)  Small  Figure  12.  Variation  of  the  volume  fraction 

spherical  voids  in  Supral  220,  e  »  0.41  of  voids  (plotted'  logarithmically)  with 

(b)  Large  voids  of  irregular  shape  in  strain  for  several  superplastic  alloys. 

7475  Al  alloy,  e  •  1.06. 


CAVITY  RADIUS,  m  STRAIN 


(•)  (b) 

Figure  13.  Supral  220  deforswd  in  uniaxial  tension  (a)  Calculated 
variation  of  void  growth  rate  per  unit  strain  versus  cavity  radius 
(b)  Calculated  and  experimental  variation  of  void  radius  with  strain. 

Metal lographlc  evidence  for  the  coalescence  of  cavities  is  available.  The  large  elongated  cavity  seen 
In  Fig. 14  lying  parallel  to  the  rolling  direction  and  the  tensile  axis  is  almost  certainly  due  to  the 
coalescence  of  cavities  nucleated  on  closely  spaced  inclusions.  Void  coalescence  therefore  has  the  effect 
of  extending  the  size  distribution  of  cavities  to  larger  redli  and  produces  the  large  voids  which  are  smst 
likely  to  have  a  serious  effect  on  post-forming  properties.  It  is  probable  that  some  of  the  large  voids 
which  develop  in  aluminium  alloys  are  associated  with  hydrogen  outgasslng.  This  leads  to  fine  localised 
porosity  which  provides  pre-existing  sites  for  cavity  growth  and  subsequent  coalescence  (69). 

The  extent  of  void  coalescence  dui  •.  superplastic  deformation  depends  on  the  site,  population  density 
and  spatial  distribution  of  voids  witi.  the  material.  Stowell  et  al  (64)  have  examined  the  effect  of 
pair-wise  coalescence  on  the  evolution  of  cavity  size  distributions  in  a/0  nickel  silvers.  Reasonable 
agreement  was  observed  between  the  size  distribution  sMasured  at  a  higher  strain  and  that  predicted  from 
the  size  distribution  measured  at  lower  strains  except  for  the  largest  voids  in  the  distribution.  The 
discrepancies  were  attributed  to  a  non-random  spatial  distribution  of  v  ds,  a  feature  which  is  frequently 
seen  in  cavltated  specimens.  Pilling  (71)  has  examined  the  effect  of  pair-wise  coalescence  on  the  mean 
cavity  growth  rates  for  a  7473  Al  alloy  and  has  obtained  good  agreement  between  predicted  growth  retes  and 
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the  Hiiartd  values.  In  Addition  to  confirming  the  Importance  of  coalescence  on  the  rate  of  accumulation 
of  cavity  damage  in  a  single  phase  Cu-base  alloy,  Wilkinson  and  Caceres  [74]  have  proposed  that  atraln 
hardening  due  to  grain  growth  can  play  a  significant  role  in  cavity  growth  and  hence  in  coalescence. 


Figure  14.  A  heavily  cavltated  «/0  Cu-Ni-Zn  alloy 
showing  aubstantiel  cavity  inter* mkage. 


5.  FAILURE  OF  CAVITATING  SUPERPLASTIC  MATERIALS 

The  growth,  coalescence  and  interlinkage  of  cavities  during  superplastic  flow  leads  to  premature 
failure.  It  has  been  proposed  that  material  between  cavities  acts  as  an  internal  neck  and  develops  in  a 
similar  fashion  to  an  external  neck  [75].  Final  fracture  in  uniaxial  tension  occurs  when  successive 
separation  of  internal  necks  allow  a  transverse  crack  to  propagate,  resulting  in  a  fracture  face  of 
significant  cross-sectional  area.  Macroscopically  the  fracture  face  has  a  pseudo-brittle  appearance, 
although  microscopically  it  uy  show  evidence  of  ductile  tearing.  However,  in  some  cavitatlng 
superplastic  A1  alloys  the  final  fracture  face  is  microscopically  intergranular.  The  criteria  which 
determine  the  stage  at  which  interlinkage  occurs  are  unclear.  Experimental  data  for  a/0  Cu-Ni-Zn  alloys 
suggests  that  rapid  Interlinkage  occurs  when  the  cavity  spacing  is  about  twice  the  cavity  diameter  (72). 
Stowe 1 1  has  proposed  that  cavities  would  Join  soon  after  their  distance  apart  became  less  than  the  grain 
size  [76,77],  while  for  a  single  phase  Cu  alloy  it  has  been  reported  that  final  fracture  occurred  when  the 
reduction  in  load  bearing  section  exceeded  '30Z  ( 15 J . 

In  non-cavltatlng  systems,  tensile  specimens  usually  pull  down  to  a  fine  point  at  fracture  and  fail  by 
intrinsic  plastic  rupture  at  a  localised  neck.  A  gradual  progression  between  the  two  extreme  modes  of 
failure  can  be  observed  for  a/0  brasses  of  varying  phase  proportions  [SO, 52]  (Fig.  15).  In  these  alloys 
increasing  levels  of  cavitation  lead  to  fracture  faces  of  increasing  cross-sectional  area.  In  the 
brasses,  an  alloy  of  high  0  content  <42ZZn)  is  virtually  non-cavitating  and  pulls  down  to  a  fine  point  at 
fracture.  In  contrast  the  40ZZn  alloy  which  contains  a  high  volume  fraction  of  a-phase  fails  without 
external  necking  after  a  relatively  small  elongation,  <100Z.  The  alloy  of  Intermediate  composition 
fractures  by  a  mixture  of  plastic  rupture  and  cavitation  failure. 

Lian  and  Suery  [78]  have  recently  developed  an  analysis  for  the  quantitative  prediction  of  the  effects 
of  both  strain  rate  sensitivity  and  cavity  growth  on  the  fracture  strain  of  superplastic  materials 
deformed  in  uni-axial  tension.  The  predicted  strains  for  several  alloys  showed  good  agreement  with  those 
measured.  However,  the  analysis  does  not  take  account  of  continuous  cavity  nucleatlon  during  deformation, 
cavity  coalescence  or  grain  growth,  all  of  which  can  influence  the  strain  to  failure. 


(a)  (b)  (c) 

Figure  13.  Longitudinal  sections  of  a/0  brasses  pulled  to  failure  (a)  60/40  (b)  59/41  (c)  58/42. 


6.  INFLUENCE  OF  HYOROSTATIC  PRESSURE  ON  CAVITATION 

Experimental  studies  have  shown  that  annealing  of  cavltated  material  can  reduce  the  volume  fraction  of 
voids  [46,79],  However,  the  process  is  only  effective  in  sintering  small  voids  and  the  larger  ones  which 
have  the  moat  deleterious  effect  on  post-forming  properties  are  little  affected.  Post  forming  hot 
isostatic  pressing  also  has  the  potential  to  remove  completely  voids  formed  during  superplastic 
deformation  [35,79,80],  but  is  limited  in  application  in  view  of  its  cost,  its  restriction  on  component 
size  and  the  possibility  that  the  voids  will  reappear  on  subsequent  heat  treatment  [33]. 
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Fro«  the  previous  section  dealing  with  cavity  growth  it  is  clear  that  the  superlmposltlon  of  a 
hydrostatic  pressure  during  SPF  should  restrict  the  rate  of  cavity  growth.  A  staple  criterion  for  the 
appropriate  level  of  confining  pressure  was  given  in  Eq.  11.  The  evidence  summarised  in  Section  3  shows 
that  strain  rather  than  diffusion  is  the  dominant  void  growth  aechanisa  during  superplastic  flow  so  that 
Ks  rather  *han  k^  should  be  used  in  equation  11,  although  there  are  uncertainties  in  the  appropriate 
values  to  use. 

Quantitative  studies  of  the  influence  of  hydrostatic  pressure  on  the  accumulation  of  cavitation  damage 
during  superplastic  flow  are  limited.  Much  of  the  available  data  relates  to  commercial  Al  alloys, 
including  Supral  220,  7475  and  8090.  Baapton  and  co-workers  [34,69]  have  reported  on  the  effects  of 
hydrostatic  cessure  on  cavitation  in  7475  Al  alloy  deformed  under  uniaxial,  balanced  biaxial  and  plane 
strain  conditions.  Subsequent  studies  have  been  made  on  7475,  6090  and  Supral  220  Al  alloys,  for  both 
uniaxial  and  balanced  biaxial  deformation  [5,70]  (Fig.  16).  In  general  increasing  the  superimposed 
pressure  was  found  to: 

(a)  decrease  the  rate  at  which  the  volume  fraction  of  voids  increased  with  superplastic  strain, 

(b)  decrease  the  level  of  cavitation  for  a  given  strain, 

(c)  displace  to  higher  strains,  the  strain  at  which  cavitation  could  be  first  detected, 

(d)  Increase  to  a  limiting  value  the  strain  to  failure. 

Recent  work  on  aluminium  alloys  showed  that  the  cavity  growth  rate  parameter,  n,  was  strongly  dependent  on 
the  applied  state  of  stress,  and  that  cavitation  was  essentially  eliminated  when  the  Imposed  pressure  was 
approximately  equal  to  0.5  of  the  von  Mises  equivalent  stress  (equal  to  the  uniaxial  flow  stress)  (3|. 
The  value  of  0.5  is  similar  to  that  of  0.6  reported  by  Baapton  et  al  [69]  and  Story  et  al  [70]  for  the 
elimination  of  cavitation  in  7475  Al  alloy  deformed  under  optimum  conditions.  The  variations  of  the  vcid 
volume  fractions  with  strain  at  different  imposed  pressures  were  consistent  with  strain  controlled  growth 
(Fig.  16).  i.e.  the  volume  of  voids  increases  exponentially  with  strain.  However,  a  variation  in  the 
measured  volume  fractions  of  voids  was  observed  from  specimen  to  specimen  which  Introduced  a  degree  of 
uncertainty  into  the  measured  values  of  n.  This  error,  after  normalising  of  the  data,  was  too  large  to 
enable  the  uniaxial  and  balanced  biaxial  results  for  7475,  8090  and  Supral  220  Al  alloys  to  be 
distinguished  and  equations  (6)  or  (7)  to  be  validated  (Fig.  17).  Further  uncertainties  in  the  measured 
values  of  n  arise  because  the  parameter  relates  to  the  growth  of  individual  voids,  where  as  the  variation 
of  the  overall  volume  of  voids  with  strain  is  Influenced  both  by  continuous  nucleatlon  and  by  coalescence. 
However,  the  values  of  n  obtained  from  plots  of  log  (void  volume  fraction)  versus  strain  were  greater  for 
deformation  in  balanced  biaxial  tension  that  for  deformation  in  uniaxial  tension,  an  observation 
consistent  with  both  equations  (6)  and  (7). 


STRAIN  PRE  SSURE  /  FLOW  STRESS 


Figure  16.  Measured  variation  of  the 
volume  fraction  of  voids  with  strain  in 
7475  Al  alloy  deformed  in  balanced 
biaxial  tension  with  various  super¬ 
imposed  pressures. 


Figure  17.  The  experimental  and  theoretical 
variation  of  the  cavity  growth  rate  para¬ 
meter,  n,  with  pressure,  plotted  in  normal- 
form. 


Quantitative  optical  metal lographlc  studies  of  void  sise  distributions  which  developed  during 
deformation  under  various  levels  of  Imposed  pressure  showed  that  while  the  else  to  which  voids  could  grow 
was  markedly  effected,  (Fig.  18),  there  was  little  effect  on  the  corresponding  number  of  voids  per  unit 
volume  (Fig.  19).  The  effect  of  the  imposed  pressure  on  void  growth  was  accompanied  by  a  change  in  void 
morphology.  At  sero  and  low  Imposed  pressures  voids  which  were  initially  spherical  spread  along  the  grain 
boundaries  becoming  trisnguloid,  as  may  be  seen  in  Fig.  lib  for  Al  alloy  7475.  The  spreading  of  the  voids 
parallel  to  the  grain  boundaries  permits  coalescence  to  occur  readily  so  that  large  voids  can  develop 
rapidly.  At  higher  imposed  pressures,  the  voids  that  were  present  retained  their  almost  sphec  1  form 
and  as  growth  was  limited,  were  unable  to  coalesce.  Hence,  the  void  networks  observed  at  lower  confining 
pressures  were  prevented  from  developing. 


(b) 


Figure  18.  Cavitation  in  Supral  220  after  uniaxial 
deformation  to  450X  elongation  with  superimposed 
presaurea  of  (a)  0  MPa  (b)  2.1  Mpa  (c)  4.7)  MPa. 


Although  the  Majority  of  commercially  uaeful  auperplaatlc  alloys  have  low  flow  atreaaea  <<10Nmrf"2  , 
-1400  pal).  It  would  be  both  coatly  and  difficult  to  apply  preaaurea  greater  than  the  flow  atreaa  to 
ensure  that  cavitation  waa  totally  eliminated.  In  practice,  imposed,  or  back,  preaaurea  cannot  norawlly 
exceed  3.5MPa  (300psi)  ao  the  uae  of  hydroatatlc  preaaure  la  limited  to  alow  atraln-rate  forming  of 
materlala  auch  aa  7475  and  8090  Al  alloya  where  flow  atreaaea  at  atraln  ratea  of  2  x  1<X4  d*1  to  5  x 
10“4a~*  are  of  the  order  of  3  to  7Nsm-2 .  However,  the  uae  of  lower  back  preaaurea  can  limit  void  volume 
f ractlona  to  -O.IX,  and  the  voide  which  do  form  are  email,  spherical  end  relatively  isolated.  The 
effectiveness  of  back  pressure  In  reducing  the  level  of  cavitation  in  an  8090  Al  alloy  la  illustrated  in 
Table  XX.  The  elongation  to  failure  waa  Increased  from  -3O0X  to  >  6001,  while  the  level  of  cavitation  at 
3002  elongation  waa  reduced  from  3X  by  volume  at  xero  imposed  pressure  to  nil  with  an  imposed  pressure  of 
3.05MPa  (430  pal). 


Figure  19.  The  Influence  of  hydrostatic  preaaure  on 
void  else  distributions  In  Supral  220  superplastically 
deformed  in  uniaxial  tension  to  430Z  elongation. 
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Table  II.  Effect  of  hydrostatic  pressure  on  voluae  X  cavitation  In  8090  Ai  alloy 
deformed  at  520°C  and  10'^s"1. 


Strain  X  elongation 

0 

0.7 

Pressure 

1.4 

MPa 

2.1 

3.05 

200 

1.6 

0.25 

0.2 

0.08 

300 

5.0 

0.5 

0.35 

0.1 

400 

failed 

1.1 

0.55 

0.11 

0.02 

600 

failed 

failed 

failed 

failed 

0.12 

7.  CONCLUSIONS 

There  Is  currently  a  considerable  voluae  of  literature  relating  to  «oth  experlaental  and,  to  a  lesser 
extent,  theoretical  aspects  of  cavitation  during  superplastic  flow.  It  is  clear  that  cavities  are  often 
associated  with  pre-existing  defects,  and  with  grain  boundary  particles.  The  ease  with  which  a  cavity 
will  nucleate  on  a  grain  boundary  particle  will  depend  on  its  shape,  sire  and  hardness  (reflecting  the 
type  of  bonding)  and  on  the  ability  of  the  phases  adjoining  the  particle  to  contribute  towards 
accomodation  by  diffusional  or  dislocation  processes.  Nucleatlon  is  less  likely  to  occur  the  smaller  the 
grain  boundary  particle  size  and  the  smaller  the  matrix  grain,  or  phase,  size.  Cavity  nucleatlon  can  be 
influenced  to  some  extent  by  control  of  superplastic  strain  rate  and  temperature.  However,  In  practice 
raising  the  temperature  and  lowering  the  strain  rate  to  aid  accommodation  is  not  likely  to  be  comerclally 
attractive  since  both  procedures  may  lead  to  grain  growth  and  loss  of  superplasticity.  In  view  of  the 
instability  and  complexity  of  the  microstructure  of  many  superplastic  materials.  It  Is  not  surprising 
there  have  been  no  attempts  to  quantify  the  kinetics  of  void  nucleatlon* 

Experimental  studies  have  shown  clearly  that  void  growth  is  essentially  strain  controlled.  The 
development  of  large  cavities  at  relatively  small  superplastic  strains  Is  likely  to  be  the  result  of 
coalescence,  or  to  the  presence  of  relatively  large  pre-existing  defects.  In  Al  alloys  large  cavities  may 
be  associated  with  the  outgasslng  of  hydrogen.  Further  experimental  and  modelling  studies  on  the  role  of 
coalescence  on  cavity  growth  are  required.  Although  it  is  well  established  that  the  growth  coalescence 
and  inter 1 inkage  of  cavities  leads  to  a  premature  pseudo-brittle  fracture,  there  have  been  very  few 
experimental  studies  of  the  failure  process.  The  development  of  a  comprehensive  analysis  for  the 
prediction  of  fracture  strain  looks  formidable  and  would  have  to  take  into  account  the  effects  of  strain 
rate  sensitivity,  cavity  nucleatlon,  cavity  growth,  coalescence,  and  strain  hardening  due  to  grain 
growth. 

To  minimise  cavitation  in  superplastic  alloys  care  snist  be  taken  at  each  stage  in  the  production 
process  with  attention  being  paid  to  cleanliness  of  liquid  swtal,  the  absence  of  coarse  primary  phases 
during  solidification,  and  the  avoidance  of  fracture  or  decohesion  of  hard  particles  during 
thermomechanical  processing  to  develop  a  fine  uniform  microstructure  [30J.  To  prevent  cavitation  from 
occurring  superplastic  forming  say  be  carried  out  with  superimposed  hydrostatic  pressures  of  0.5  to  0.75 
times  the  uni-axlal  tensile  flow  stress.  The  condition  for  zero  cavitation  (zero  cavity  growth)  depends 
solely  on  the  geoemtry  of  deforaiation.  For  Al  alloys  such  as  7*75  and  8090  the  pressures  required  to 
reduce  cavitation  to  low  levels  at  the  strain  rates  and  temperatures  where  optimum  superplastlclty  is 
developed  would  be  relatively  low  and  smnageable  in  many  cossserclal  forming  operations. 
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SUMMARY 

The  need  to  reduce  the  cost  and  weight  of  aerospace  metallic  structures  has  led  to  increased  interest 
in  solid  state  and  liquid  phase  diffusion  bonding  processes,  especially  in  combination  with  supcrplastic 
forming.  The  bonding  mechanisms  and  bonding  techniques  are  reviewed  and  the  process  variables  that  affect 
bond  quality  and  strength  are  described  with  reference  to  bonds  between  Ti-alloys,  Al -alloys  and  dissimilar 
metals.  The  importance  of  quality  control  and  the  limitations  of  current  NDE  techniques  for  diffusion  bonding 
are  emphasised.  Finally  some  trends  and  priorities  in  diffusion  bonding  technology  are  indicated. 


1  INTRODUCTION 

A  diffusion  bonded  joint  in  Ti-6A1-4V  alloy  is  an  engineer's  dream  -  it  can  have  the  microstructure 
and  mechanical  properties  of  the  base  metal.  Such  joints  are  currently  manufactured  as  part  of  the  super- 
plastic  forming  and  diffusion  bonding  (SPF/DB)  of  titanium  aerospace  components*"^.  Unfortunately  high 
quality  diffusion  bonded  joints  in  other  alloy  systems  can  be  more  difficult  to  achieve  and  require  a 
detailed  understanding  of  the  mechanism  of  bonding  and  of  the  metallurgy  of  the  alloy.  Excellent  general 
reviews  of  diffusion  bonding  (db)  techniques  and  applications  have  been  presented  by  Schwartz^  and  Kazakov® 
whilst  Stephen  and  Swadling^  have  reviewed  the  application  of  db  to  aircraft  structures. 

In  view  of  the  confusion  in  the  literature^"?  a  brief  summary  of  the  preferred  terminology  for 
diffusion  bonding®  is  necessary.  Diffusion  bonding  refers  to  a  joining  process  that  requires  high  tempera¬ 
tures  to  enhance  diffusion  but  involves  little  macroscopic  deformation;  the  joint  formed  without  inter¬ 
layers  has  the  micro structure  and  composition  of  the  base  metal.  Diffusion  bonding  can  be  divided  into: 

1  diffusion  welding,  the  joining  of  two  metals  by  pressure  and  temperature  without  melting.  An  inter¬ 
layer  foil  or  coating  may  be  used.  This  process  is  sometimes  referred  to  as  solid  state  db  or  hot  press 
bonding. 

ii  diffusion  brazing,  the  joining  of  two  metals  by  heating  to  produce  liquid  at  the  bond  interface  via 
an  interlayer  foil  or  coating.  Pressure  may  or  may  not  be  used.  This  process  is  sometimes  referred  to  as 
transient  liquid  phase  db,  activated  db,  eutectic  db  or  liquid  phase  db. 

Some  characteristics  of  diffusion  bonded  joints^*^"?*^  are  listed  in  Table  1.  Since  the  process  time 
does  not  depend  on  the  complexity  of  the  structure  or  on  the  bond  area  or  on  numbers  of  components,  there  is 
potential  for  reduced  costs  with  increase  in  size  and  numbers  of  components  per  bonding  cycle-* The 
advantages  are  increased  when  superplastic  forming  and  diffusion  bonding  are  combined  to  produce  titanium 
sheet  structures*"^  and  db  may  be  the  only  practical  method  available  for  the  manufacture  of  metal  matrix 
composites^ . 

Experience  gained  in  bonding  Ti-alloys  has  emphasised  the  need  for  a  quality  control  and  NDE  capability 
for  db  joints  and  for  a  more  quantitative  approach  to  the  effect  of  defects  on  the  mechanical  properties  of 
the  joints.  These  aspects  are  also  becoming  of  increasing  importance  in  the  db  of  Al-alloys  and  metal  matrix 
composites.  This  lecture  therefore  concentrates  upon  those  features  of  the  db  process  that  can  give  rise  to 
defects  and  affect  the  mechanical  properties  of  the  joint.  Reference  is  made  primarily  to  Ti  and  Al-alloys 
as  these  are  typical  of  alloys  that  are  easy  and  difficult  to  bond  respectively.  Particular  attention  is 
paid  to  bonding  and  testing  techniques  used  on  a  laboratory  scale  since  these  form  a  vital  part  of  any 
process  development  for  db.  Finally  a  brief  mention  is  made  of  the  limitations  of  current  NDE  methods  as 
applied  to  db  joints. 

2  MODELS  FOR  DIFFUSION  BONDING 

Diffusion  bonding  in  the  solid  state  involves  the  following  mechanisms: 

i  plastic  deformation  on  loading) 

ii  creep  deformation  )  8 

iii  diffusion  ) 

iv  recrystallisation  and  grain  boundary  migration)  ® 

At  low  pressures  (much  less  than  the  macroscopic  yield  stress)  and  high  temperatures  (>0.5  T^  where 
T#  is  the  absolute  melting  point)  used  in  bonding  the  deformation  is  confined  primarily  to  the  surface 
asperities  as  shown  in  Fig  1*°.  Stage  t  involves  instantaneous  deformation  on  loading  followed  by  power  law 
creep  according  to  a  relationship  of  the  type: 

c  “  Ao“  exp  (-Qc/RT)  (1) 

where  e  -  creep  rate,  o  -  stress,  Qc  •  activation  energy  for  diffusion  and  A  and  n  ere  constants  with 
n  ^  3-4  for  TI-6A1-4V**.  For  fine  grained  material  superplastic  deformation  with  little  strain  hardening 
(n  *  f. 5-2.0)  can  accelerate  the  deformation  of  the  asperities  in  Stage  1*2,13.  in  uhC  steel  a  decrease  in 
grain  size  from  2  to  0.4  wm  was  predicted  to  increase  the  strain  rate  by  a  factor  of  1000*3. 
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AC  the  end  of  Stage  I  the  bond  interface  consists  of  bonded  areas  separated  by  areas  containing  small 

voids  (Fig  1).  Hydrostatic  pressure  can  accelerate  void  closure  by  diffusion  and  plastic  deformation  for 

voids  >20  pm  10*1%  but  below  this  size  diffusion  alone  controls  the  elimination  of  voids  by  surface,  grain 

boundary  and  volume  diffusion  mechanisms.  Fast  grain  boundary  diffusion  is  favoured  by  a  small  grain  size 

but  in  practice  only  time  and  temperature  are  important  variables  for  many  metals' ^  .  Small  empty  voids  may 
be  removed  by  isothermal  anneals  in  the  absence  of  pressure^ » .  Stage  1  bonding  is  sensitive  to  stress 
and  occurs  much  faster  than  bonding  in  Stage  2.  The  predicted  contributions  of  creep  deformation 
(mechanism  2)  and  of  diffusion  (mechanism  3)  to  the  bonding  of  copper  is  illustrated  in  Fig  2  from  the  work 
of  Nishiguchi  and  Takahashi'^;  at  low  pressure  (3  MPa)  the  diffusion  mechanism  dominates  but  at  8  MPa  the 
creep  deformation  mechanism  dominates  at  all  temperatures  above  about  950°K.  Mechanism  4  which  operates  in 
the  final  stages  of  bonding  may  be  essential  for  high  strength  joints  since  it  leads  to  the  elimination  of 
the  planar  grain  boundary  interface'® » 1® .  Diffusion  bonding  models  based  upon  an  idealised  surface  and  the 
above  mechanisms  have  been  reasonably  successful  in  predicting  the  effect  of  pressure  on  the  time  to  produce 
a  95Z  parent  metal  bond  strength  in  titanium  and  copper'^»2®»7l .  More  complex  models  involving  evaporation 
and  condensation  of  atoms  may  be  required  to  explain  bonding  in  the  presence  of  oxide  films'® »*  . 


Interlayers  in  the  form  of  metallic  foils  or  coatings  (electroplated,  evaporated  or  sputtered)  are 
widely  used  in  db  joints^.  They  can  lead  to  reduced  values  for  the  bonding  parameters  (temperature, 
pressure,  time)  and  involve  diffusion  welding  or  diffusion  brazing.  The  interlayers  must  be  carefully 
selected  to  avoid  changes  in  microstructure  or  composition  which  adversely  affect  mechanical  and  corrosion 
properties . 


When  the  temperature  or  pressure  required  to  obtain  good  surface  contact  prohibits  diffusion  welding, 
diffusion  brazing  offers  an  alternative  joining  method.  This  process  has  some  of  the  advantages  of  conven¬ 
tional  brazing  (low  pressure,  short  times)  and  of  diffusion  welding  (base  metal  microstructure  and  strength). 
Diffusion  brazing  has  been  described  by  Owczarski23  using  Fig  3.  An  interlayer  or  coating  with  composition  1 
is  heated  to  the  bonding  temperature  and  melted.  During  isothermal  annealing  diffusion  changes  the  composi¬ 
tion  from  1  to  3  in  Fig  3  and  the  joint  solidifies.  Further  diffusion  results  in  a  large  dilution  of  the 
interlayer  elements  and  minimal  effect  on  the  parent  metal.  This  technique  has  been  applied  to  both  titanium 
and  aluminium  alloys. 


Interlayer  coatings  may  also  be  removed  by  diffusion  entirely  in  the  solid  state.  A  section  through  a 
bond  made  between  1  pm  thick  silver  coated  clad  Al-alloy  sheet  is  shown  in  Fig  4a;  the  Al-Ag  phase  diagram 
shows  that  silver  will  form  a  solid  solution  in  aluminium  during  isothermal  anneals  at  500°C  and  given 
sufficient  time  at  temperature  the  Ag  layer  can  be  completely  removed  (see  para  8). 


3  EFFECT  OF  SURFACE  ROUGHNESS 


For  a  given  set  of  processing  parameters,  surface  roughness  is  probably  the  most  important  variable 
affecting  the  quality  of  diffusion  welded  joints.  The  roughness  affects  the  time  required  to  achieve 
complete  contact  between  the  surfaces  being  bonded.  In  practice  a  metal  surface  has  asperities  which  are 
small  in  terms  of  height  and  wavelength  (surface  roughness)  superimposed  on  longer  wavelength  asperities 
(surface  waviness)  as  shown  schematically  in  Fig  5  .  Surface  roughness  as  normally  measured  refers  to  the 
short  wavelength  asperities  and  typical  values  for  various  surfaces  are  shown  in  Fig  6^.  The  long  wave¬ 
length  asperities  are  particularly  important  in  the  bonding  of  thick  section  machined  parts  ie  massive  db. 

In  these  joints  regions  of  high  porosity  can  be  separated  by  completely  bonded  regions  and  the  porosity 
present  may  be  further  apart  and  greater  than  expected  from  the  surface  roughness  data'®.  Massive  db 
imposes  severe  requirements  on  the  accuracy  and  alignment  of  the  tooling  and  may  require  loads  to  be  applied 
in  more  than  one  direction^.  Massive  db  therefore  tends  to  be  more  difficult  and  costly  than  gas  pressure 
bonding  of  thin  sheet. 

Thin  sheet  has  the  advantage  that  in  the  as  rolled  state  the  surface  finish  is  usually  good.  Talysurf 
traces  for  a  clad  Al-alloy  sheet  in  the  as  rolled  state  and  after  polishing  on  1  pm  diamond  paste  or  grinding 
on  600  silicon  carbide  paper  are  shown  in  Fig  7^5.  silicon  carbide  particles  were  found  embedded  in  the 
ground  surface  (Fig  4b)  and  the  strength  of  diffusion  bonded  Al-alloy  joints  decreased  with  increase  in 
roughness  (Fig  8)25,26,  the  finish  obtained  for  titanium  alloy  sheet  in  the  as  received  state  or  in  the 
carefully  ground  state  is  typically  better  than  Ra  «  0.5  pm.  A  ground  surface  of  Ti-6A1-4V  alloy  is  shown 
in  Fig  9a;  note  the  occasional  deep  grooves  and  surface  debris  from  the  grinding  operation.  The  initial 
stages  of  bonding  of  this  surface  were  studied  by  fracturing  the  bonded  joint  after  very  short  bonding  times 
of  ''*4minz  .  The  fracture  showed  the  bottom  of  the  grooves  remained  unbonded  (Fig  9b),  the  bonded  asperities 
exhibited  ductile  fracture  cusps  (Fig  9c)  and  regions  that  had  been  deformed  but  not  bonded  appeared  flat 
and  without  ductile  cusps  (A  in  Fig  9d).  The  latter  regions  are  typical  of  intimate  contact  disbonds 
caused  by  contaminated  interfaces  or  incorrect  bonding  conditions  and  are  impossible  to  detect  by  current 
NDE  techniques. 

Surface  roughness  is  responsible  for  t’  ,  residual  porosity  at  the  end  of  Stage  1  bonding  and  for  the 
variation  in  void  size.  Surface  grooves  can  give  rise  to  channels  and  large  and  small  voids  (Fig  10b)  and 
local  waviness  can  lead  to  elongated  voids  or  wide  chanr ils  (Fig  10a)27.  In  titanium  alloys  microstructure 
also  affects  the  amount  of  porosity  present  in  the  bond  interface.  The  void  ratio  (ratio  of  unbonded /bonded 
area)  for  db  Ti-6A1-4V  has  been  measured  by  Enjo  et  al28;  the  alloy  was  first  annealed  in  the  a-B  phase  regioi 
(900°C,  4  h)  or  in  the  0-phase  region  (1010°C,  1  h)  to  produce  coarse  graihs  (MJ  pm)  or  coarse  a  platelets 
respectively  compared  with  the  as  received  material  <2—3  pm  grain  size).  The  as  received  and  900°C  annealed 
material  showed  increased  void  content  with  increase  in  roughness,  but  for  the  1010*C  annealed  material  the 
void  content  remained  high  and  insensitive  to  surface  finish  (Fig  11).  These  void  contents  reflect  the 
difficulty  in  producing  good  surface  contact  with  coarse  or  irregular  microstructures  and  may  explain  the 
variability  in  bond  quality  reported  in  the  literature^. 

It  is  not  always  appreciated  that  surface  roughness  of  thin  sheet  is  proportional  to  the  product  of 
initial  grain  size  and  plastic  strain^®.  The  increase  in  roughness  ARa  for  commercial  purity  titanium 
deformed  in  the  temperature  range  20-450°C  is  shown  ir  Fig  12;  the  roughness  increases  with  temperature  and 
with  strain.  Surface  roughness  is  also  increased  during  superplastic  deformation'^  and  was  associated  with 
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grain  boundary  sliding,  as  shown  in  Fig  13  for  a  Ti-6A1-4V  alloy  teat  piece  after  300Z  extension  at  925  *C^ 
After  strains  of  M.3,  the  Ra  values  increased  from  0.7  jjm  to  1.5  pm  for  Ti-6A1-4V  and  from  0.3  pm  to 
2.7  pm  for  Al-Li-Cu  alloys.  These  increases  in  surface  roughness  may  increase  the  adhesion  of  contaminants 
and  the  reactivity  of  the  surface. 

4  CONTAMINATION  AND  DEFECTS  IN  DIFFUSION  BONDED  JOINTS 

32 

The  most  common  surface  contaminants  encountered  are  inorganic  or  organic  films  and  these  may  be 
reduced  by  solvent  cleaning  and  pickling^, 33,  Organic  films  (oil  or  fingerprints)  and  water  vapour  may  be 
removed  by  heating  to  ^300°C  but  at  higher  temperatures  surface  reactions  can  occur7.  These  can  be 
important  for  Al-alloys  since  stabl  oxide  films  may  be  produced^  »35  which  seriously  reduce  bond 
strength^ •-*<>.  At  high  temperatures  many  metal  oxides  dissociate  egAg20or  dissolve  in  the  base  metal 
(oxides  of  Cu,  Ti,  Zr,  Nb,  Ta,  Nb,  and  Ni) .  The  rate  of  dissolution  of  100  A  thick  oxide  films  is 
virtually  instantaneous  for  all  these  metals  at  0.5  T^  except  for  Ni  which  requires  •'<0.92  tm>  the  time  to 
dissolve  an  oxide  film  increases  rapidly  with  increase  in  oxide  film  thickness^7.  Stable  oxides,  carbides 
or  nitrides  may  be  difficult  to  remove  except  by  sputter  cleaning  at  low  temperatures^.  Particular 
problems  may  arise  in  SPF/DB  processing  of  titanium  alloys39.  The  defects  found  may  be  divided  into^; 

i  Large  voids 

ii  Microvoids 

iii  Intimate  contact  disbonds 

Large  voids  or  disbonds  are  likely  to  be  associated  with  argon  gas  entrapment  and  can  be  avoided  by  pro¬ 
gressive  venting^.  In  massive  db  similar  voids  are  produced  by  poor  surface  finish  or  tool  misalignment. 
Microvoids  (Fig  10)  can  indicate  incorrect  bonding  parameters.  Intimate  contact  disbonds  can  be  caused  by 
surface  contamination  or  oxide  films  and  are  the  most  difficult  to  detect  because  of  their  limited 
thickness.  These  films  can  however  lead  to  very  low  bond  strengths. 

Although  thin  oxide  films  on  Ti-alloys  are  readily  removed  by  dissolution  at  the  bonding  temperature 
(''•925*0  further  oxygen  pick-up  from  the  environment  can  seriously  effect  the  quality  of  the  bonds. 
Increasing  oxygen  in  solid  solution  significantly  increases  the  hardness^  and  excessive  pick-up  produces  a 
hard  oxygen-rich  stabilised  a-phase  surface  layer  (a-case)  which  prevents  bonding^  and  leads  to  surface 
cracking.  The  argon  gas  used  to  flush  or  pressurise  the  die  chamber  can  be  contaminated  by  residual  02»  N2 
and  H2O  or  by  outgassing  of  stop-off  compounds.  The  stop-off  compounds  (BN,  Y2O3)  may  also  become  less 
adherent  at  high  temperatures  as  the  binder  is  burnt  off  and  they  may  then  become  displaced  on  to  the 
surfaces  to  be  bonded^, 41, 


5  BONDING  TECHNIQUES 

Diffusion  bonds  are  made  either  as  part  of  an  investigation  to  develop  a  d  method  or  to  manufacture 
a  component  by  an  established  technique.  In  the  first  case  the  need  is  for  a  d’  that  can  be  tested  whereas 
in  the  second  case  the  primary  requirement  is  for  an  efficient  structure.  A  s  jple  low  cost  db  butt  joint 
produced  with  bar  stock  allows  standard  tensile  and  fatigue  test  pieces  to  be  manufactured  with  the  bond 
interface  at  the  centre  of  the  gauge  length.  In  tensile  tests  on  these  joints  the  bond  is  loaded  uniformly 
and  poor  bonds  may  be  reflected  in  low  reduction  of  area  values.  The  bond  quality  can  vary  across  the  bonded 
area  however,  especially  if  the  faces  to  be  bonded  are  not  normal  to  the  axes  of  the  cylinders  or  if  axial 
alignement  is  poor.  To  limit  the  deformation  across  a  bond  a  spacer  can  be  used^  (pig  14).  in  the  bonding 
of  unconstrained  cylinders  the  maximum  bonding  pressure  may  be  limited  by  bulging, which  may  be  quite 
different  for  each  metal  in  dissimilar  metal  bonds  as  shown  for  a  Ti-6Al-4V/stainless  steel  bond  in  Fig  15. 


Metals  in  thin  section  can  be  bonded  under  gas  or  platen  p  .re  to  produce  overlap  shear  test 
pieces.  The  strength  of  overlap  shear  test  pieces  is  sensit.  jverlap  length  and  to  out  of  plane 

stresses  which  cause  bending  of  the  test  piece.  A  test  piece  used  for  bonding  Al-alloys^ is  shown  in 
Fig  16.  It  requires  2  blanks  (25  x  35  am)  which  are  bonded  in  a  jig  (Fig  17)  to  ensure  the  blanks  are 
parallel  after  bonding  (Fig  18).  Cut-outs  at  A  and  B  in  Fig  16  provide  metallographic  samples  after  bonding 
and  after  heat  treatment.  However  a  planar  bonded  interface  may  not  be  produced  over  the  whole  overlap 
area  since  local  ■*  ? format ion  occurs  at  the  ends  of  the  bond  at  B  in  Fig  18b  with  unbonded  regions  at  C. 

Too  small  an  ovo>  p  produces  an  inclined  bond  plane  with  adjacent  shear  leading  to  recrystallisation  of 
the  base  Al-allo  *Fig  19). 


Diffusion  bonds  in  components  can  be  divided  into  those  made  by  massive  db  and  those  made  between 
thin  sheet.  Massive  db  involves  the  joining  of  thick  section  machined  parts  under  relatively  high  pressure 
(14  MPa,  2000  psi^)  applied  by  mechanical  means.  Japanese  workers^  have  reported  on  a  wide  variety  of 
Ti-6A1-4V  alloy  aircraft  components  diffusion  welded  in  vacuum  (10“3  Pa)  under  a  lower  pressure  of  2.94  MPa 
at  900*C  for  ^2  h.  Massive  diffusion  bonded  products  tend  to  be  substituted  for  complex  machined  or  forged 
cooiponents  to  improve  material  utilisation  or  cost  and  may  therefore  be  heavily  loaded. 

Thin  Ti-6A1-4V  alloy  sheet  can  be  diffusion  bonded  by  gas  pressures  of  %2  MPa  (300  psi).  The 
advantage  over  massive  db  is  that  the  pressure  acts  normal  to  the  sheet  surface  whatever  the  shape  being 
bonded  and  large  area  bonds  with  intimate  contact  are  easily  obtained.  A  p^.ck  bonding  process  can  be 
combined  with  gas  pressure  superplastic  forming. 

Platen  pressure  bonding  followed  by  gas  pressure  free  forming  of  hemispheres^  is  shown  schematically 
in  Fig  20  and  can  be  compared  with  2  sheet  pack  bonding  and  forming  into  shaped  dies  in  Fig  21^.  More 
complex  3  and  4  sheet  SPF/DB  structures  are  shown  in  Figs  22-23.  Note  that  in  Fig  21-22  all  the  bonds  are 
made  initially  by  pack  bonding  (primary  bonds)  whereas  in  Fig  23  some  bonds  are  made  later  after  SPF 
(secondary  bonds).  The  surfaces  for  the  secondary  db  may  therefore  be  exposed  to  the  pressurising  gas 
environment  longer  than  the  primary  bonds  with  a  greater  risk  of  surface  contamination. 

The  need  for  greater  stiffness  and  strength  at  elevat  *  temperatures  has  led  to  the  most  complex  db 
components  to  be  proposed  for  turbine  blades  (Fig  24)^5,  These  may  involve  thick  and  thin  sections, 
dissimilar  metals  and  metal/ceramic  interfaces  and  hot  isostatic  pressure  techniques  may  be  used^fc. 
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6  TESTING  OF  DIFFUSION  BONDED  JOINTS 

The  strengths  reported  for  db  joints  show  a  wide  variation  depending  on  bonding  parameters,  bonding 
technique  and  test  piece  design.  The  latter  is  particularly  important  since  a  test  piece  must  provide 
meaningful  strength  data  to  enable  the  effects  of  metallurgical  and  pi  cessing  variables  on  bond  strength 
to  be  assessed. 

A  round  bar  teat  piece  provides  the  best  test  conditions  for  a  diffusion  bond,  but  for  thin  sheet 
unsupported  overlap  test  pieces  are  often  used.  In  the  latter  under  tensile  load  the  stresses  are  greatest 
at  the  en^s  of  the  bond  region  and  joints  tend  to  fail  under  peel  stresses  (Fig  25)^2*^®.  To  reduce  bending 
the  Al-alloy  db  test  piece  in  Fig  16  was  tested  in  tensile  shear  in  a  constraining  jig  (Fig  26)^5.  For  gas 
pressure  bonded  thin  sheet  an  overlap  test  piece  can  be  produced  by  machining  two  flat  bottomed  grooves^* 
as  shown  in  Fig  27;  the  bottom  of  the  grooves  should  coincide  with  the  centre  of  the  bond.  Typical  load- 
time  curves  for  constrained  test  pieces  are  shown  in  Fig  28  a-b;  good  beads  exhibited  some  plasticity 
whereas  poor  bonds  failed  with  little  plasticity. 

Joint  strengths  have  been  compared  in  terms  of  the  joint  efficiency  (JE) ;  JE  =  P  x  100/oA, 
where  P  *  maximum  load,  o  and  A  are  the  tensile  strength  and  cross-sectional  area  of  the  sheet  respec¬ 
tively^0.  Failure  in  the  parent  sheet  gives  JE  =  100Z.  The  parameter  JE  does  not  require  bond  shear 
fracture  and  is  therefore  notagood  measure  of  bond  quality.  A  more  satisfactory  measure  of  bond  properties 
is  obtained  by  measuring  the  bond  shear  ratio  Rg  *  TB/tp  =  ^B/pp  where  Tg  and  Tp  are  the  shear  strengths 
of  the  bond  and  parent  metal  respectively  and  Pg  and  Pp*are  theFcorresponding  failure  loads  under  shear 
conditions.  It  was  found  that  for  diffusion  bonds  between  3.2  nm  thick  Al-alloy  sheet  and  for  increasing 
overlap  L,  JE  increased  and  Rg  decreased^1®.  For  L  in  the  range  2-6  tm,  tg  was  approximately  linearly 
related  to  L  and  «.  difference  in  L  of  1  mm  changed  tg  by  13  MPa  (8Z)  (see  para  8).  It  is  often  difficult 
to  control  the  overlap  to  within  1  nm  and  this  contributes  to  the  scatter  in  shear  strength  data. 
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The  fracture  appearance  of  db  joints  can  provide  information  on  the  quality  of  the  initial  bond  * 

For  example  incorrect  bonding  parameters  may-  lead  to  unbonded  regions  (Fig  9),  but  a  good  bond  will 
reveal  uniform  ductile  shear  and  tensile  fracture  cusps  as  shown  in  Fig  29. 

A  peel  test  measures  the  resistance  to  crack  growth  at  the  bond  line.  The  test  is  difficult  to 
perform  in  practice^  and  is  associated  with  considerable  scatter,  but  the  peel  strength  may  be  a  useful 
indicator  of  a  poorly  bonded  joint.  Peel  strength  values  are  useful  only  for  comparing  identical  test  pieces. 
A  typical  peel  load  -  tine  curve  is  shown  in  Fig  28c;  the  load  plateau  corresponds  to  stable  crack 

growth^, 18. 

7  DIFFUSION  BONDING  TITANIUM  ALLOYS 

The  bonding  parameters  for  Ii-alloys  have  been  reported  by  many  workers^ ^ .  The  creep  rate 
increases  above  about  £50 °C  and  decreases  rapidly  as  the  S-transus  is  approached  and  grain  growth  occurs 
(Fig  30)52.  The  creep  rate  depends  on  grain  size  and  microstructure  and  these  variables  therefore  effect 
diffusion  bonding.  The  effect  of  grain  size  on  the  time  and  pressure  required  to  produce  a  pore  free  bond 
in  Ti-6A1-4V  alloy  is  shown  in  Fig  31, at  a  typical  bonding  pressure  for  this  alloy  (300  psi,  2  KPa)  the 
bonding  time  is  increased  by  a  factor  6  when  the  grain  size  increased  from  6.4  pm  to  20  ym.  Since  the  grain 
size  is  coarser  in  plate  or  forgings  than  in  sheet,  different  bonding  parameters  will  be  required  for  these 
different  product  forms. 

The  effect  of  prior  anneals  in  the  a  +  6  (900°C)  and  6  (1010°C)  phase  fields  on  creep  rate  and 
diffusion  bonding  of  Ti-6Al-4V  has  been  measured2®.  Creep  rate  at  850°C  decreased  with  increase  in  annealing 
temperature  due  to  grain  coarsening  or  the  presence  of  acicular  microstructure  (Fig  32);  note  the  sensitivity 
to  stress.  Bonding  was  also  much  more  difficult  for  the  B-annealed  material  compared  with  negligible  porosity 
for  the  as  received  material.  In  addition  the  bond  strength  increased  more  rapidly  with  increase  in  bonding 
temperature  for  the  as  received  fine  grained  material.  Heating  to  the  B-transus  temperature  after  intimate 
contact  was  obtained  produced  good  bonds  by  causing  grain  boundary  migration  at  the  bond  interface^.  The 
effect  of  surface  finish  on  bond  porosity  is  discussed  in  para  3  and  shown  in  Fig  11.  An  improvement  in 
surface  finish  led  to  a  dramatic  increase  in  bond  strength,  bi  t  the  900°C  annealed  material  remained  inferior 
to  the  as  received  material  (Fig  33).  It  was  concluded  that  the  void  ratio  and  hence  the  bond  strength  was 
dependent  on  the  deformation  only  (Fig  34)  and  that  accelerated  bonding  could  be  obtained  under  superplastic 
conditions.  Bonding  Ti-alloys  under  superplastic  conditions  was  reported55  to  reduce  the  bonding  pressure  by 
a  factor  4,  the  welding  time  by  a  factor  6-30  and  the  temperature  required  by  50-1 50°C. 

The  effect  or  nieces  on  the  mechanical  properties  of  diffusion  bonded  joints  is  of  great  practical 
importance,  particularly  as  it  is  well  known  that  bond  defects  which  have  little  effect  on  bond  tensile  or 
shear  strength  can  affect  other  mechanical  properties  such  as  fatigue  or  impact  strength.  Early  work  also 
showed  that  bonded  joints  with  parent  metal  strength  could  be  associated  with  ductility  less  than  in  the 
parent  metal  (Fig  35)5^. 

The  reduction  in  void  content  in  the  diffusion  bonded  joints  of  2  titanium  alloys  with  increase  in 
time  at  925°C  and  0.52  MPa  pressure  is  shown  in  Fig  3622.  The  appearance  of  the  voids  after  j  h  is  shown 
in  Fig  10;  parent  metal  tensile  strengths  were  obtained  for  these  bonded  joints  but  there  was  a  marked  decrease 
in  the  fatigue  limit  (Fig  37a).  Improved  bonding  conditions  led  to  bonds  with  parent  metal  fatigue  strength 
(Fig  37b),  but  the  bond  impact  strength  values  were  lower  than  for  the  parent  metal22*55  an<j  were  not  signifi¬ 
cantly  changed  with  increase  in  bonding  pressure^  (Fig  38).  Impact  properties  appear  to  be  more  sensitive 
to  bond  quality  than  other  mechanical  properties^. 

There  is  increasing  evidence  that  the  bond  strength  in  titanium  alloys  is  dependent  on  the  deformation 
history  of  the  surface  asperities.  Russian  workers  have  shown56  that  more  rapid  bonding  can  be  obtained  by 
cycling  the  bonding  pressure.  For  example  Ti-6A1-4V  alloy  at  850*C  was  cycled  to  90Z  of  the  yiel  i  stress 
(oy8) .  After  10  cycles  in  5  min  the  relative  bond  strength  bond/parent  o  -  0.8  and  after  80  cycles  in  20  min 
o  -  1  (curve  1  in  Fig  39);  the  bond  strength  increased  more  slowly  under  a  constant  pressure  of  0.9  dy8 


(curve  2  in  Fig  39)  and  the  macroscopic  plastic  strain  increased  from  0.6%  (pressure  cycled)  to  4.5%.  These 
results  were  attributed  to  more  rapid  deformation  of  the  asperities  during  pressure  cycling. 

Further  work  has  shown  that  for  bonding  deformation  below  5%  the  relative  impact  strength  (strength 
of  bond/strength  of  base  metal)  is  independent  of  strain  rate  (Fig  40a)  but  at  5%  deformation  and  above 
maxima  m  the  relative  impact  strength  curves  were  obtained  in  the  superplastic  strain  rate  range  for 
titanium  and  nickel  base  alloys  (Fig  40  b,c).  However  the  tensile  strength  and  ductility  could  be  less 
than  for  the  base  metal5?*58.  It  was  concluded  that  good  interface  contact  was  obtained,  but  at  the  low 
superplastic  strain  rate  strain  hardening  of  the  asperities  was  not  sufficient  to  cause  recrystallisation 
and  a  planar  grain  boundary  interface  resulted.  At  higher  strain  rates  interface  contact  was  poor  due  to 
strain  hardening  of  the  asperities,  but  where  contact  did  occur  recrystallisation  and  grain  boundary 
migration  produced  a  high  strength  bond  interface.  To  achieve  both  high  impact  and  tensile  strengths  it 
was  suggested  that  strain  rate  or  temperature  should  be  changed  during  the  bonding  operation5^. 

Interlayers  used  for  bonding  Ti -a  Hoys  include  soft  commercial  purity  titanium  foilsfor  diffusion  welding 
and  electroplated  coatings  for  diffusion  brazing5.  The  latter  is  a  viable  commercial  process  as  demonstrated  by 
the  production  of  hollow  titanium  alloy  fan  blades  using  electroplated  Cu  and  Mi  interlayers®0.  Coarse  grained 
Ti-alloys  could  be  bonded  under  low  pressure  to  give  parent  metal  strength  by  using  a  fine  grained  super¬ 
plastic  Ti-alloy  interlayer5^. 

8  DIFFUSION  BONDING  Al-ALLOYS 

Diffusion  bonding  of  these  alloys  has  proved  difficult  because  of  the  tenacious  surface  oxide  film^’^. 
Large  deformations  and  high  temperatures,  in  for  example  roll  bonding® disrupt  the  oxide  film  but  the 
introduction  of  soft  interlayers  in  the  form  of  cladding  coatings  or  foil  inserts  enable  bonds  to  be  made 
with  smaller  overall  deformation.  The  surface  coatings  produced  by  ion-platine  appear  superior  to  those 
produced  by  electrodeposition,  chemical  vapour  deposition  or  plasma  spraying55 ,6T-63 .  development 

of  superplastic  Al-alloys  and  Al  metal  matrix  composites  has  increased  the  need  for  a  diffusion  welding  or 
diffusion  brazing  method  for  high  strength  Al-alloys* >® 1 *®5 »®* . 

Byun  et  al^*^*  have  successfully  bonded  7475  Al-alloy  sheet  using  the  5052  Al-Mg  alloy  as  an 
interlayer  at  500°C  and  2.76  MPa  pressure;  the  effect  of  different  interlayers  on  bond  shear  strength  is 
shown  in  Fig  41.  The  bond  shear  strength  increases  with  increase  in  deformation  from  3"!  to  15%  and  with 
increase  in  bonding  time  up  to  60  tn  (Fig  42).  Bond  shear  strengths  of  172  MPa  and  241  MPa  were  reported 
for  the  as  bonded  and  T6  heat  treated  conditions. 

To  reduce  the  bonding  pressure,  diffusion  brazing  has  been  tried  with  a  variety  of  interlayers 
eg  Ag,  Cu,  Zn,/Cu,  Sn/Ag,  Al-Si,  Mg  and  Al-Si-Ge® 1 »®5 .  The  additional  interfaces  can  increase  the  oxide 
content  and  too  thick  an  interlayer  produces  excessive  concentrations  of  alloying  elements  which  can 
lead  to  the  formation  of  intermetallics  and  brittle  bonds.  However,  for  a  total  braze  interlay, r  thick¬ 
ness  of  25  pm,  the  bond  shear  strength  approached  that  of  the  7475  base  metal”1. 

Another  possibility  is  the  production  of  oxide  free  surfaces  on  Al-alloys  by  argon-ion  sputter 
cleaning  and  coating  with  silver55.  Such  surfaces  are  readily  bonded  above  the  dissociation  temperature 
of  Ag20  (^200*0  and  in  this  respect  the  bonding  operation  assembles  that  for  titanium  alloys.  To  avoid  the 
formation  of  intermetallics  and  reduce  the  bonding  pressure  clad  sheet  can  be  used;  a  typical  bond  produced 
between  1  pm  thick  Ag  coated  and  clud  7010-alloy  sheet  at  450°C  and  7  MPa  pressure  is  shown  in  Fig  4a  and 
43a.  After  solution  heat  treatment  for  16  h  at  480°C  the  silver  layer  was  replaced  by  small  grains  (Fig  43b) 
and  the  silver  concentration  at  Che  bond  interface  was  reduced  to  about  1%  (Fig  44)^.  The  bond  shear  and  peel 
strengths  were  dependent  on  alloy  composition  and  heat  treatment  (Fig  45)®5.  The  clad  layer  allows  extensive 
plastic  deformation  to  occur  in  the  SHT  condition  as  shown  in  the  partly  cracked  peel  test  piece  in  Fig  46; 
much  less  plasticity  was  apparent  after  ageing.  As  for  Ti-alloys  a  measure  of  the  bond  quality  and  ductility 
can  be  obtained  from  bond  fractures*® ,61 .  For  the  clad  7010  Al-alloy  in  the  SHT  condition  ductile  shear 
fracture  was  obtained  (Fig  47a)  and  after  ageing  (Fig  47b)  the  fracture  was  much  smoother. 

Mininum  interlayer  thickness  is  required  to  ensure  composition  changes  are  not  detrimental.  The  combina¬ 
tion  of  high  solubility  and  high  diffusion  rates  enables  Mg  and  Zn  to  diffuse  rapidly  into  Al-alloy  inter¬ 
layers  but  the  composition  and  strengthening  effects  depend  on  interlayer  thickness  and  diffusion  times.  For 
example  even  after  long  solution  heat  treatment  times  (16  h)  which  increased  the  solute  content  and  solid 
solution  hardened  a  2  x  120  pm  thick  clad  interlayer  between  7010  Al-alloy  (Fig  48),  a  composition  trough 
persisted  (Fig  44);  this  prevented  age  hardening  of  the  clad  layer  (Fig  48)9.  However  for  a  25  pm  thick 
5052  interlayer  between  7475  Al-alloy33  the  zinc  composition  trough  was  eliminated  during  the  60  min  bonding 
operation  (Fig  49). 

Thus  the  concentration  of  elements  that  diffuse  more  slowly  eg  Ag  or  Cu,  may  be  insufficient  to  produce 
age-hardening  in  thick  interlayers  and  a  concentration  peak  may  remain  at  the  interface  after  long  diffusion 
times  (Fig  44).  Excessive  alloy  concentrations  introduced  by  interlayers  can  lead  to  intermetallic  formation. 
For  example  increasing  the  Ag  concentration  by  decreasing  the  clad  layer  thickness  for  a  fixed  1  pm  thick  Ag 
coating  causes  a  reduction  ir  bond  strength  (Fig  50)  and  at  a  clad  layer  thickness  of  ^  30  pm  a  continuous 
intermetallic  layer  was  obtained  55  (Fig  51). 

Although  the  above  bonding  techniques  offer  the  possibility  of  platen  or  gas  pressure  bonding  of 
Al-alloys,  the  elevated  temperature  bond  peel  strength  may  be  too  low  for  superplastic  forming  of  3  or  4 
sheet  structures*® 

The  testing  of  db  joints  between  Al-alloys  can  present  problems^.  Because  of  the  ductility  of  Al- 
alloys,  bending  of  overlap  shear  test  pieces  (Fig  25)  causes  local,  high  peel  stresses  which  produce  an 
apparent  decrease  in  the  shear  stress  values  with  increasing  overlap  length.  Test  pieces  sheared  in  a 
restraining  jig  produced  higher  strengths  (Fig  52a)  than  unrestrained  test  pieces  (Fig  52b)  and  aged 
material  was  particularly  sensitive  to  peel  stresses  (Fig  526).  It  is  therefore  diff'^tt  to  compare  the 
strengths  of  Al-alloy  diffusion  bonded  joints  obtained  under  different  overlap  or  te  ■.  jnditions. 
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9  DIFFUSION  BONDING  DISSIMILAR  METALS 

The  bonding  of  dissimilar  metals  is  likely  to  increase  in  the  future  with  the  trend  towards  aero¬ 
space  structures  made  of  different  metallic  and  non-metallic  materials.  All  the  previous  comments  on 
bonding,  especially  on  the  use  of  interlayers  are  applicable  to  dissimilar  metal  bonds,  but  greater 
restrictions  are  imposed  by  the  need  for  physical  and  chemical  compatibility3  .  The  use  of  multiple 
interlayers  is  more  coanon  for  dissimilar  metal  bonds  and  ideally  the  interlayers  should  exhibit  mutual 
solubility  without  intermetallic  formation,  a  wide  temperature  range  for  bonding  (0.53-0.7  TM)  and 
compatible  thermal  expansion  and  Young's  modulii.  Thin  interlaysrs  enable  solid  solution  hardening  to 
occur  and  optinaim  strength  has  been  related  to  the  interfacial  strengthening. 

High  strength  solid  state  diffusion  bonds  between  Ti-alloy  and  stainless  steel^  provide  a  good  example 
of  the  type  of  interface  needed  for  dissimilar  metals.  Bonds  between  the  base  metals  would  form  the  inter- 
metallics  life,  TiFe2  or  TiCr2  unless  a  low  bonding  temperature,  short  times  and  high  bonding  pressure  was 
used,  which  is  impractical.  One  solution  is  therefore  to  make  a  bond  composed  of  stsinless  steel /nickel/ 
copper/vanadium/Ti-6Al-4V  interfaces.  A  bond  made  at  850*C  under  10  MPa  pressure  for  1  h  is  shown  in  Fig  53; 
a  tensile  strength  of  ^  400  MPa  and  460  MPa  was  obtained  for  Ni/Cu/V  and  Cu/V  interlayers  respectively,  approx¬ 
imately  67Z  and  77Z  of  the  tensile  strength  of  the  stainless  steel,  but  impact  strength  was  low. 

Bonds  between  dissimilar  metals,  metal  matrix  composites  or  rapidly  solidified  powder  products  may 
also  be  required  in  the  future66  and  the  processing  temperatures  and  total  deformation  may  need  to  be 
tightly  controlled  to  preserve  microstructures  and  properties.  Diffusion  welded  or  brazed  joints  in 
metal  matrix  composites  have  shown  considerable  scatter  and  low  joint  efficiency  attributable  both  to 
processing  and  testing  techniques^ »6^ .  An  example  of  a  proposed3**  advanced  bonded  airframe  structure 
containing  Ti-alloy,  A1-50Z  B  fibre  composite  and  6061  Al-alloy  is  shown  in  Fig  54. 

10  TITANIUM  SPF/DB  STRUCTURES 


The  design  and  manufacture  of  SPF/DB  structures  is  dealt  with  in  other  lectures  in  this  series. 
However  some  brief  coaments  on  diffusion  bonded  joints  in  these  structures  are  appropriate  in  this 
presentation.  The  formation  of  bonded  joints  prior  to  SPF  has  been  described  with  reference  to 
Figs  8-11  and  the  problems  of  contamination  have  been  discussed  in  paras  4  and  5.  A  good  example  of 
diffusion  bonds  in  a  4-sheet  structure  produced  by  British  Aerospace  is  shown  in  Fig  55;  no  defects  were 
detected  in  the  db  joints  and  full  base  metal  properties  should  be  realised  for  such  joints  in 
production3.  Riveted  and  db  joints  are  compared  in  Fig  56;  much  larger  joint  areas  are  obtained  for  db 
joints3.  Typical  shear  strengths  obtained  for  Ti-6A1-4V  alloy  are  10  MPa  for  riveted  joints,  20-40  MPa 
for  adhesive  bonded  joints  and  575  MPa  for  db  joints;  the  db  joint  therefore  offers  a  significant  static 
strength  advantage3. 


However  the  stress  concentration  at  the  bond  line  between  the  box  stiffeners  and  panel  skin  can  be 
severe.  Furthermore  the  edges  of  the  bond  have  experienced  shorter  bonding  times  and  consequently  some 
initial  fatigue  crack  growth  is  possible  at  these  positions.  Photoelastic  measurements  and  fatigue  tests 
indicate  chemical  milling  and  some  redesign  could  lead  to  increased  fatigue  life  for  such  joints®?.  In 
practice  typical  fatigue  failure  locations  are  associated  with  local  sheet  thinning  at  sharp  radii  rather 
than  through  the  bond  plane  (Fig  56).  When  appropriate  allowance  is  made  for  stress  concentrations  at 
notches  and  joints,  current  test  data  suggest  that  even  bonded  parts  containing  some  microvoids  will 
present  no  significant  structural  or  design  problem3 »*,  although  the  overall  acceptance  requirements  for 
SPF/DB  structures  in  the  presence  of  fatigue  cracks  and  with  few  crack  stoppers  is  still  being  considered*. 


Whilst  the  requirements  for  engine  components  differ  in  many  respects  from  those  for  airframe  compon¬ 
ents ,  the  potential  for  SPF/DB  components  has  been  demonstrated  by  the  hollow  fan  blade  to  be  fitted  to 
RB211-535  and  V2500  engines^*6**.  the  blade  design  requires  up  to  60*  twist  in  the  aerofoil,  variations  in 
sheet  thickness  and  close  tolerances  to  meet  the  operational  load  and  foreign  object  damage  requirements. 


Notches  associated  with  the  bonds  aTe  also  found  in  massive  db  components  in  T1-6AI-4V,  but  these 
components  have  been  accepted  for  service  in  aerospace  applications  on  the  basis  of  conventional  inspection 
and  test  with  reported  £ly-to-buy  ratios  reduced  from  about  8:1  to  3:1  compared  with  machined  or  forged 
components^. 


11  DETECTION  OF  DEFECTS  IN  DIFFUSION  BONDED  JOINTS 

68 

Apparently  "perfect"  diffusion  bonded  joints  can  have  low  strength  and  adequate  quality  control  and 
NDE  is  vital  for  economic  SPF/DB  processing*.  The  types  of  defect  found  in  diffusion  bonds  have  been 
described  in  sections  3-4  and  classified  for  NDE  purposes  by  Asarov6^  and  Tober6®  in  terms  of  their  area 
and  thickness  (Fig  57).  Ultrasonic  techniques  appear  to  have  the  greatest  potential  for  detecting  defects 
in  diffusion  bonds®^» ?0-72^  but  real  time  radiography  offers  the  possibility  of  higher  production  rates 
with  lower  resolution  eg  ^25  pm  defects  in  5  nsn  thick  sections?3.  A  high  production  rate  is  especially 
important  for  engine  components^. 


Unfortunately  the  smallest  defect  size  can  be  ouch  less  than  the  wavelength  X  of  conventional  ultra¬ 
sound  (eg  for  a  frequency  of  30  MHz,  X  -  200  pm),  the  reflection  efficiency  of  defects  is  low  and  signal 
flight  times  of  only  0.3  ps  obtained  with  thin  (1-2  am)  sheet  SPF/DB  structures  requires  high  time 
resolution  equipment.  Consequently  frequencies  of  >  30  MHz,  point  focussing  probes  and  advanced  data 
reduction  techniques  are  required6®, 72.  The  minimum  defect  size  detectable  even  under  ideal  conditions 
appears  to  be  about  0.2-0. 5  mm2  in  area  and  1-3  pm  thick6®*6*;  some  results  obtained  by  Tober  and  Else  are 
given  in  Fig  58.  Smaller  microvoids  and  intimate  contact  disbonds  cannot  be  detected  by  current  NDE 
methods. 


In  practice  therefore  detection  of  microvoids  depends  upon  destructive  metallographic  sectioning  or 
proof  testing* ;  sections  are  obtained  either  by  cutting  up  selected  production  components  or  from  cut-outs 
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from  components  in  the  manufacturing  stage.  Thi*  quality  control  is  backed-up  by  the  use  of  correct 
processing  parameters  and  by  the  imposition  of  close  process  control. 

It  is  worth  noting  that  for  some  bonds  eg  those  in  3  or  4  sheet  structures  (Figs  22  and  23)  the 
actual  forming  process  effectively  proof  tests  the  bonded  joints  at  elevated  temperatures.  Proof  testing 
using  acoustic  emission  has  been  used  for  brazed  joints?**  and  may  be  applicable  to  some  db  joints. 

The  importance  of  high  quality  in  diffusion  bonded  joints  should  not  be  underestimated.  At  present 
two  quest iuu»  remain  unanswered 

i  What  is  the  maximum  size/number  of  defects  that  can  be  tolerated  in  a  diffusion  bonded  joint  before 
the  mechanical  properties  are  adversely  affected? 

ii  What  is  the  minimum  size/number  of  defects  that  are  likely  to  escape  detection  in  diffusion  bonded 
joints  made  under  production  conditions? 

If  the  size  in  (i)  is  less  than  the  size  in  (ii)  then  diffusion  bonded  joints  may  be  restricted  to  lightly 
loaded  fail  safe  structures  and  the  full  potential  of  SPF/DB  processing  will  not  be  realised. 

12  CONCLUSIONS 

Titanium  alloy  SPF/DB  structures  currently  in  production  are  a  tribute  to  all  those  who  studied  and 
developed  superplastic  forming  and  diffusion  bonding  over  many  years.  The  emphasis  in  Ti-alloy  SPF/DB 
structures  is  now  moving  towards  process  control  and  non-destructive  examination  to  enable  highly  loaded 
structures  to  be  designed  for  safe-life  applications.  Diffusion  bonding  for  Al-alloys  requires  further 
work  before  high  quality  bonds  can  be  reproduced  and  combined  with  superplastic  forming.  It  is  possible 
that  for  Al-alloys  progress  will  be  made  in  the  future  by  exploiting  experience  gained  in  the  manufacture 
of  semiconductor  materials  to  produce  a  surface  coating  pattern  prior  to  bonding  under  automated 
environmental  and  process  control.  Massive  db  of  smaller  components  in  Ti-alloy  is  likely  to  increase  in 
the  future  as  the  cost  benefits  Chat  can  be  achieved  in  a  dedicated  processing  plant  are  appreciated. 
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TABLE  I 

SOME  CHARACTERISTICS  Of  DIFFUSION  BONDED  JOINTS 


1 

Joint  strengths  approaching  or  equal  to  the  parent  metal. 

2 

Bonding  involves  minium  distortion  and  defonaation  and  close 
dimensional  control  is  possible. 

3 

Large  area  bonds  are  possible,  with  improved  joint  efficiency 
compared  with  conventional  joining. 

4 

Thick  and  chin  sections  can  be  joined  to  each  other. 

5 

Cast,  wrought  and  sintered  powder  products  and  diaaimilar 
metals  can  be  joined.  May  be  only  choice  for  metal  matrix 
composites. 

6 

Process  time  independent  of  bond  area  or  numbers  of 
components. 

7 

Machining  costs  may  be  reduced. 

8 

Corrosion  resistance  of  parent  metal  or  of  selected 
interlayer  combination.  No  fluxes  ire  required. 

9 

More  efficient  design  and  a  smaller  buy  to  fly  rati 
possible. 

10 

May  be  combined  with  superplastic  forming. 
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i  i Ref  io!  thematic  (development  of  the  bondline 

The  long-wavelength  asperities  are  flattening  during  stage 
I  in  part  (a).  In  part  (A)  the  short -wavelength  asperities  re¬ 
maining  between  the  bonded  regions  have  just  achieved  con¬ 
tact,  and  stage  U  closure  begins. 


Effect  of  bonding  temperature  on  percent 
bonded  area  S,  together  with  contribu¬ 
tion!  of  bonding  mechanisms  to  S 


Fig  4  Diffusion  Bond  Between  Silver  Coated  Clad  A1  Alloy  Sheet 
a.  1  unt  Diamond  Polished  Surface  x  250  b.  600  Sic  Ground  Surface  x  1000 
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Fig  8  Shear  Strength  v  Surface  Finish  for 
db  A1 -Alloy 


Fig  7  Talysurf  Traces  for  A1  Sheet 

a.  As  Rolled  b.  1  um  Diamond  Polished 
c.  600  SiC  Ground 


.  „  x  1000 

Fig  9  1M1  550  Alloy 

•.  A*  Ground  Surfece.  b-d.  Fracture  Surface  After  db  4  min,  925"C,  0.52  MPa 


Fig  26  Lap  Shear  Test  Jig 


a.  Good  Bond  and  b.  Poor  Bond  in  Shear 
c.  Good  Bond  in  Peel 
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Fig  33 

[jfef  28)  Effect  of  the  faying  surface 

roughness  on  the  tensile  strength  of 
the  Joint  of  the  as-received  and 
900 °C- annealed  base  metal.  Tv»  Pv 
and  tw  are  850°C,  0.2kg/nan2  and  10 
min,  respectively. 


Fig  34 
[Ref  28 J 


Void  ratio  q  versus  welding 
deformation  for  the  Joint  of  each 
base  metal. 


Fig  35  Plot*  of  Average  Joint  Properties 

V  Temperature  for  three  time*.  [Ref  54) 


Fig  36  Effect  of  Bonding  Time  on  the  Void 
Content  of  Diffusion  Bonded  IMI  318 
end  IMI  550 


Fig  37  Peek  Alternating  Stress  v  Cycles  to  Failure  for  IMI  550  Alloy 
a.  db  at  0.52  MPa,  0.5  h  925°C  b.  db  at  0.69  MPa,  2h,  950*C 
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Fig  39  Relative  Strength  v  Bonding  Time 

t)  Pressure  Cycled  0-0.9  oys 
2)  Constant  Pressure  0.9  oys 

fRef  56] 


Fig  40 

Relative  Impact  Strength 
a  v  Strain  Rate 
Effect  of 

a.  Bonding  Deformation 

b.  Bonding  Temperature 
for  VT6  Alloy  and 

c.  Effect  of  Bonding 

Temperature  for 
Ni-alloy 

iRef  57] 


.  A(t)  for  BT-b  ana  nickel  alloy  welds.  (a)  BT-6  I.  /'.  /".  T*  960*  C:  2.  2\  2".  1,000’C.  3.  3. 3",  1,040’C.  l.  2.  3,  t'SX.  l\  2’. 
f  t-3%.  r.  r.  3",  t-1%.  {*/  BT-6  I.  T*  1, 080* C.  2,  l.040*C  3.  1,000'C.  4,  960*  C;  5,  920' C.  6.  880' C.  7.  840' C.  8.  770V./-*. 
,  -  5%.  (e)  nickel.  I.  5.  T*IJ00*C.  2. I,000*C.  3. 6,  900* C.  4.  800* C.  I  4,f5%.  5, 6,  f  10% 


EFFECTS  OF  INTERMEDIATE 
LAYERS  AND  AMOUNT  OF 


DEFORMATION  ON  BOND  STRENGTH 
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Fig  44  Composition  Curves  Across  Diffusion  Bonded 
Joint  in  7010  A1 -Alloy 

s.  As  Bonded 

b.  After  Solution  Best  Trestnent 


10*  Peel  strengths  of  diffusion  bonds*  alloys 


Fig  45 


Fig  48  Increase  in  Hardness  of  Clad  Layer  in 
Bonded  Clad  7010  Al -Alloy 


Fig  47  Shear  Fracture  Surfaces  of  Clad  7010 
Al -Alloy  Diffusion  Bond 

a.  After  SHT  b.  After  Ageing 

x  90  x  90 


QUANTITATIVE  ANALYSIS  OF  ZINC 


Fig  49  Diffusion  of  Zn  During  the  Bonding  of  7475  Al -Alloy.  [Ref  33] 


fngth  MP» 
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Fig  50  Shear  Strength  v  Clad  Layer  Thickness 
for  db  7010  Al-Alloy 


Fig  51  Intermetallic  Layer  at  Bond  Interface 
in  Silver  Coated  Clad  7010  Al -Alloy 
after  SHT  x  1000 


Fig  52  Effect  of  Overlap  L  on  the  Failure  Load  and  Stress  for 

a.  Type  1  Single  Overlap  Diffusion  Bond  b.  Type  2  Single  Overlap  Diffusion  Bond  Tested 

in  the  unrestrained  state 


Fig  53 


Fig  54 
(Ref  50) 


—Diffusion  welded  joint  of  Al/B  composite  to  T16AI6V2Sn 
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A1  INTRtDUCTION 

This  Addendum  is  intended  to  follow  the  1987  Lecture  on  p  4—1  and  to  provide  an  update  on 
developments  since  the  last  Lecture  Series  No  154  was  published. 

Recent  international  conferences  and  one  text  book  are  pertinent  to  work  in  this  field1"4.  The 
most  successful  large  scale  application  of  diffusion  bonding  is  in  the  SPF/DB  of  thin  titanium 
sheet  aerospace  structures1-3  and  this  technology  has  developed  into  a  competitive  production  process  in 
many  countries.  Research  continues  on  the  development  of  a  reliable  cost  effective  SPF/DB  process  for 
Al-alloys  with  particular  emphasis  on  lithium  containing  alloys  in  order  to  exploit  the  lower  density 
and  high  specific  stiffness  of  these  alloys.  The  potential  for  metal  matrix  composites  has  directed 
attention  not  only  to  the  mechanism  of  bonding  the  metal  matrix,  but  also  to  the  bonding  of  metal  matrices 
to  nan-metallic  barrier  layer  coatings  on  ceramic  fibres.  Dramatic  progress  has  been  made  in  producing 
ceramics  with  greater  strength  and  toughness  and  this  has  led  inevitably  to  increased  effort  on 
diffusion  bonding  of  these  materials  to  themselves  and  to  metals.  Diffusion  bonding  is  therefore 
currently  being  considered  for  Joining  a  broad  range  of  materials  in  widely  differing  applications. 

A2  DIFFUSION  BONDING  OF  TITANIUM  AND  ALUMINIUM  ALLOYS 

In  para  3  of  the  1987  Lecture  (p  4-2)  the  importance  of  surface  roughness  on  the  diffusion  bonding 
parameters  was  emphasised.  Recent  work®  has  reported  the  increase  in  roughness  caused  by  superplastic 
deformation  (figs  la-b).  The  roughness  increased  with  increase  in  grain  size  and  superplastic  strain 
to  Ra  =  1.5  pm  in  T1-6A1-4V  alloy  and  to  Ra  =  2.7  pm  in  Al-Li  alloy  (LITALA).  It  is  interesting  to 
note  that  the  specified  surface  finish  for  SPF  Ti-6A1-4V  sheet  is  Ra  *1  pm®.  The  increase  in  roughness 
must  therefore  be  taken  into  account  when  making  secondary  diffusion  bonded  joints  in  multiple  sheet 
SPF/DB  structures. 

The  emphasis  in  testing  has  been  primarily  on  the  behaviour  of  complete  SPF/DB  structures.  The 
results  indicate  that  the  failure  modes  do  not  involve  the  db  joint,  but  are  confined  to  thin  regions  of 
the  core  sheets.  Unfortunately  it  is  impossible  to  carry  out  a  shear  test  on  a  diffusion  bonded  joint 
between  thin  sheet,  because  of  deformation  and  bending  of  the  sheet.  To  overcome  this  problem  a  stack  of 
sixteen  1.6  mm  thick  TI-6A1-4V  sheets  has  been  gas  pressure  bonded  to  obtain  large  test  pieces.  Fatigue 
crack  growth  and  fracture  toughness  data  for  specimens  with  notches  in  the  bond  plane  indicated  parent 
sheet  properties  were  achieved7 .  However  two  Izod  impact  teat  pieces  cut  from  adjacent  regions  of  the 
stack  had  impact  strengths  of  12J  and  22  J,  as  shown  in  fig  2a-b.  The  surface  roughness  of  the  fracture 
was  greater  for  the  higher  toughness  test  piece  and  both  fractures  were  parallel  to  the  bond  interface. 
These  results  confirm  previous  data  which  indicated  impact  strength  of  diffusion  bonded  joints  was 
particularly  sensitive  to  the  quality  of  the  diffusion  bond  interface.  Nevertheless  solid  state  and 
liquid  phase  diffusion  bonded  joints  manufactured  in  Ti-6A1-4V  alloy  under  carefully  controlled  conditions 
have  been  shown  to  exhibit  parent  metal  impact  and  low  cycle  fatigue  strength  and  have  been  successfully 
used  in  critical  aeroengine  components®. 

Conflicting  strength  data  continues  to  be  reported  for  diffusion  bonded  Al-alloy  joints.  The  early 
work  of  Byun  and  Vatava  (1987  Lecture  Series  p  4-5)  reported  shear  strengths  of  172  MPa  and  241  MPa  for 
7475  alloy  bonded  with  5052  interlayer.  In  more  recent  work  parent  metal  static  and  cyclic  shear  strengths 
were  obtained  without  any  interlayer  or  coating^.  However  other  workers  have  reported1®  much  lower 
strength  (<80  MPa)  with  a  variation  as  high  as  ±33  MPa  which  led  to  data  being  analysed  using  the  Weibull 
probability  function.  Such  variability  would  be  unacceptable  in  a  manufacturing  environment  and 
emphasises  the  need  to  identify  and  control  the  factors  giving  rise  to  bond  strength  variability  in 
Al-alloys.  The  most  important  factor  is  probably  surface  contamination,  particularly  by  oxide  films. 

In  work  on  bonding  Al-Li  alloys  in  vacuum,  the  less  protective  oxide  film  on  these  alloys  enabled  parent 
metal  solid  state  bonds  to  be  made  more  easily  contrary  to  the  conclusion  that  lithium  additions  made 
bonding  more  difficult11.  A  significant  factor  controlling  bond  strength  in  superplsstic  8090  Al-Li 
alloy  appeared  to  be  the  planar  bond  interface  (fig  3).  Resistance  to  grain  boundary  migration  is  desirable 
for  superplastic  forming,  but  is  a  disadvantage  for  diffusion  bonding.  Similar  strength  bonds  can  be 
obtained  by  transient  liquid  phase  bonding  with  copper  interlayers,  but  the  copper  concentration  must  be 
controlled  to  avoid  residual  eutectic  phase  at  the  bond  interface. 

A3  DIFFUSION  BONDING  OF  DISSIMILAR  METALS 

Dissimilar  metal  Joints  may  be  used  to: 

a.  Conserve  strategic  or  scarce  metals. 

b.  Provide  oxidation,  corrosion  or  wear  resistance  without  sacrificing  mechanical  properties. 

c.  Tailor  microstructure  -  in  a  particular  part  of  a  component. 

Diffusion  bonding  techniques  are  therefore  being  developed  for  components  with  a  wide  range  of  alloy 
combinations  and  diffusion  bonding  may  be  combined  with  a  hot  isostatic  pressing  operation12*13.  The 
components  are  then  evacuated  and  sealed  in  a  can  before  isostatic  pressing.  This  avoids  gas  entrapment 
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at  bond  interfaces  {particularly  important  when  multiple  interlayers  are  used),  inhibits  Kirkendall  void 
formation  and  allows  complex  interface  contours  to  be  manufactured. 


Only  limited  studies  have  been  carried  out  on  the  strength  of  dissimilar  metal  joints  and  the  many 
variables  involved  are  often  interdependent,  eg  the  thickness,  composition  and  strength  of  the  interlayers 
may  be  dictated  by  the  need  to  avoid  intermetallic  formation  or  high  thermal  stresses.  The  strength  is 
dependent  on  the  fracture  path,  which  is  shown  schematically  for  a  Ti-6Al-4V/V/Cu/Ni/stainless  steel  bond 
in  fig  47.  Although  fracture  predominated  in  the  Cu/Ni  interface,  fractures  in  both  Cu/V  and  Ni/stainless 
steel  were  sometimes  observed.  An  understanding  of  the  microfractography  in  these  types  of  joint  is 
therefore  necessary  if  optimum  joint  mechanical  properties  are  to  be  achieved.  In  practice  fracture 
strength  is  usually  limited  by  the  weakest  interface  or  interlayer.  This  limitation  may  be  reduced  or 
avoided  in  shear  loaded  joints  by  producing  a  non-planar  interface  as  shown  in  fig  5;  the  shear  strength 
is  then  related  to  the  bulk  shear  strength  of  the  weakest  of  the  two  alloys  being  joined. 


Roll  bonding  is  a  well  known  technique  for  cladding  sheet,  but  requires  large  reductions  in  thickness 
Interesting  developments  in  vacuum  rolling  (2  x  10"5  torr)  in  the  USSR  and  USA14  has  enabled  tne  bonding 
of  thin  sheets  (-0.13  mm  thick)  to  dissimilar  metals  with  about  10%  reductions  in  thickness  at  relatively 
low  temperatures  which  avoids  the  formation  of  intermetallics,  eg  for  bonding  to  iron-base  alloys  the 
temperatures  were  650°C  (Ni),  800°C  (Monel,  Type  304  stainless  steel,  titanium)  and  1100®C  (Nb).  In  a 
similar  development  a  metallic  glass  was  roll  bonded  to  nickel  coated  iron  without  recrystallising  the 
glassy  phase. 


A4  DIFFUSION  BONDS  IN  SHORT  OR  CONTINUOUS  FIBRE  METAL  MATRIX  COMPOSITES 


The  manufacture  of  continuous  fibre  reinforced  sheet  usually  involves  diffusion  bonding  in  an 
evacuated  and  sealed  container  of  either  a  sandwich  of  metal  sheet  and  fibres  or  of  filament  wound  coated 
fibres16.  the  most  common  fibre  is  SiC,  although  alumina,  boron  and  graphite  fibres  are  also  used16 
Melt  infiltration  or  squeeze  casting  may  be  used  to  produce  an  Al-alloy  matrix,  but  molten  metal 
techniques  are  not  considered  suitable  for  high  melting  point  matrices  such  as  titanium  alloy  and  super- 
alloy.  In  the  manufacture  of  a  Ti-alloy  metal  matrix  composite  (MMC)  the  bonding  of  the  matrix  to  the 
fibre  must  be  considered.  Aerospace  companies  receive  MMCs  in  the  form  of  monoply  or  multiply  (ie  with 
one  or  more  fibre  layers)  laminates  which  are  then  diffusion  bonded  to:- 

a.  Each  other  to  increase  thickness  or  to  make  close- to-form  parts, 

b.  Conventional  thin  sheet  as  "patches"  to  increase  local  stiffness  and  strength. 

In  both  (a)  and  (b)  diffusion  bonding  is  more  difficult  than  with  a  fibre  free  matrix  because  the 
surface  is  less  flat  (thickness  of  Ti-alloy  MMC  monoply  can  vary  by  40%)  and  where  fibres  cross  each  other 
it  is  more  difficult  to  obtain  surface  contact.  The  type  of  defect  that  can  arise  in  Ti-6Al-4V/SiC  MMC 
is  shown  in  fig  6;  these  defects  may  be  impossible  to  detect  by  NDE  techniques  (see  1957  Lecture  Series 
P  4-6). 


Diffusion  bonded  joints  with  bond  interfaces  normal  to  the  fibre  direction  have  been  produced  in 
Al-Mg-Si/short  A12C>3  fibre  composites17.  When  particular  care  was  taken  in  the  surface 
preparation  to  avoid  protrusion  of  the  fibres,  intimate  surface  contact  was  obtained  (fig  7b)  and  bond 
strengths  equal  to  that  of  the  base  metal  were  possible.  However  protruded  fibres  prevented  diffusion 
bonding  ( fig  7c) . 

The  mechanical  properties  of  MMCs  are  likely  to  be  limited  by  the  strength  of  the  fibre/matrix 
interface.  Reactions  at  this  interface  depend  upon  the  system16*18,  eg  in  Al-alloy  matrices  B-fibres 
react  at  400°C  and  AI2O3,  SiC  and  C-fibres  react  at  500°C.  The  reaction  is  more  severe  in  the  Ti-alloy/ 

SiC  fibre  system  at  900°C,  but  a  3  pm  thick  C-rich  coating  significantly  reduces  the  rate  of  attack18; 

B,  C  and  SiC  fibres  dissolve  in  superalloy  matrices  at  high  temperatures.  Thus  diffusion  bonding  of  MMCs 
is  a  complex  process  requiring  only  sufficient  diffusion  across  metal/ceramic  and  possibly  ceramic/ceramic 
interfaces  to  strengthen,  but  not  degrade  the  interfaces.  Unfortunately  it  is  very  difficult  to  isolate 
the  contribution  of  fibre/matrix  Interfaces  to  the  strength  of  an  MMC  containing  hundreds  of  fibres,  some 
of  which  may  become  fractured  during  processing  or  during  testing.  Progress  in  optimising  the 
mechanical  properties  of  MMCs  in  the  future  will  probably  be  made  by  studies  on  single  fibres  embedded  in 
a  matrix18. 

A5  DIFFUSION  BONDING  OF  METALS  TO  CERAMICS  AND  CERAMICS  TO  CERAMICS 

Ceramics  (Al203,  SiC,  S’3N4)  are  being  studied  extensively  in  many  countries  because  of  their 
excellent  corrosion  and  wear  resistance,  high  temperature  properties,  oxidation  resistance  and  low 
densities.  However  their  disadvantages  are  lack  of  ductility,  sensitivity  to  defects  and  large  variability 
A  pos  iible  compromise  is  ceramic  bonded  to  metal,  but  ultimately  monolithic  ceramics  are  required  with 
improved  toughness.  This  might  be  achieved  by  producing  ceramic  matrix/ceramic  fibre  composites. 

An  increasing  number  of  reports  are  being  published  on  the  joining  of  ceramics  to  themselves  and  to 
metals.  Diffusion  bonded  joints  appear  to  have  higher  strengths  than  brazed  or  mechanical  joints20*21 • 
However  covalent  bonding  in  ceramics  makes  them  difficult  to  join  to  metals  and  interface  contact  must  be 
achieved  either  by  plastic  deformation  in  the  solid  state  of  the  metal  (in  ceramic/metal  joints)  or  of 
soft  interlayers  or  liquid  phase  brazing  must  be  used. 

Ti-alloys  reduce  most  ceramics  in  the  solid  state.  In  contact  with  AI2O3  for  example  in  vacuum  at 
945®  for  2h  a  2  urn  thick  reaction  layer  occurs.  8onding  at  i500*C  produces  a  70  um  thick  layer,  multiple 
cooling  cracks  and  hardness  values  in  the  layer  of  up  to  1000  HV22.  high  bonding  temperatures  (-1000*0 
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accentuate  the  thermal  stress  problems  in  bonded  ceramic  joints,  but  these  can  be  significantly  reduced 
by  the  use  of  multiple  interlayers.  This  has  enabled  high  bond  strengths  to  be  obtained  between 
Nimonic  80A  and  SiC  or  Si3N4  in  the  solid  state21.  Interfaces  of  the  type  Si3N4/Ni(0.5)/W(0.8)/Cu(0.5)/ 

Nim  80A  where  the  numbers  denote  interlayer  thicknesses,  in  mm  were  bonded  at  950°C  for  2h  at  55  MPa  pressure 
to  produce  tensile  strengths  of  -124  MPa.  High  bonding  pressures  are  avoided  by  using  braze  metal 
interlayer's.  For  example  joints  made  between  AI2O3  at  1100°C  using  an  Al-4%  Cu  braze  metal  had  shear 
strengths  of  157  MPa23. 

The  origin  of  the  strength  in  brazed  ceramic/ceramic  joints  is  not  always  clear.  However  careful  studies 
carried  out  on  SiC  joined  by  Ag-Cu-Ti  braze  metal  at  950°C  for  30  minutes  revealed  a  remarkable  match 
between  the  lattice  planes  in  SiC  and  lattice  planes  in  a  TiC  interaction  layer.  The  high  bending 
strength  of  >300  MPa  was  attributed  to  this  excellent  matching  between  braze  and  ceramic*4.  Multiple 
interlayers  have  also  been  used  to  join  Si3N4  in  the  solid  state  in  vacuum  at  950°C  under  a  pressure  of 
20  MPa2*.  In  this  case  it  was  found  that  interdiffusion  in  the  interlayers  activated  the  diffusion  bonding 
process.  High  bend  strengths  up  to  290  MPa  were  obtained  with  interfaces  of  the  type  Si3N4/Ni(0.01)/Nb(1.0) 
Ni(0.01)/Si3N4. 

One  of  the  most  exciting  developments  in  ceramics  has  been  the  observation  that  Yttria  stabilised 
zirconia  (TZP)  and  TZP  ♦  AI2O3  composites  can  be  made  superplastic.  This  has  direct  implications  for 
diffusion  bonding,  since  good  interface  contact  can  be  achieved  under  superplastic  conditions.  Consequently 
diffusion  bonded  joints  were  produced  in  these  ceramics  at  1475°C  under  a  pressure  of  12.5  MPa  to  give 
a  bonding  strength  of  1360  MPa2®. 

A6  CONCLUSIONS 

The  trend  is  towards  joining  advanced  materials  by  techniques  based  upon  diffusion  bonding  in  order 
to  obtain  high  strength  joints.  Superplastic  deformation  and  diffusion  bonding  has  now  be  combined  to  join 
both  metallic  and  non-metallic  materials.  Further  progress  will  depend  upon  a  better  understanding  of 
the  kinetics  and  strengthening  mechanisms  in  joints  between  an  increasing  range  of  materials. 
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Fig  1  Change  in  surface  roughness  (ARa)  versus  true 
strain  for  alloys  deformed  under  superplastic 
conditions. 

a.  Al-Li  (8090)  alloy,  initial  and  final  grain 
sizes  5  pm  and  12  pm  respectively.  Al-Zn-Mg  (7010) 
alloy,  corresponding  grain  sizes  8-12  pm  and 
12-24  pm. 

b.  ri-15V-3Cr-3Al-35n  and  Ti-6A1-4V  alloys. 


Fig  4  Schematic  diagram  of  shear  fracture 
planes  in  diffusion  bonded  joint 
between  Ti-6A1-4V  and  S526  stainless 
steel  with  V/Cu/Ni  interlayers. 


2  mm 

Fig  5  Non-planar  interface  produced  in  a 
Ti-6Al-4V/stainless  steel  joint. 

Ti  =  Ti-6A1-4V  SS  =  S526  stainless 
steel . 


Fig  6  SiC  fibres  sandwiched  between 

Ti-*3A1-4V  foil  and  hot  vacuum  press 
bonded.  Unbonded  areas  at  A. 


(c) 


F  i  g  7  Schematic  diagram  illustrating  the  behavior 
of  protruded  fibers:  (a)  before  contact, 
(b)  ideal  contact  and  (c)  real  contact. 
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SUMMARY 


The  behaviour  of  aluminium  and  titanium  alloys  under  superplastic  forming  conditions  Is  well  documented 
but  there  is  much  Less  published  data  on  the  effect  of  the  superplastic  forming  process  on  the  mechanical 
properties;  these  data  are  essential  for  the  design  of  structures.  This  paper  reviews  the  effect  of 
superplastic  forming  parameters  such  as  temperature,  strain  rate,  strain  and  post  forming  heat  treatments 
upon  the  tensile,  fatigue  and  fatigue  crack  growth  performance  of  these  alloys  and  relates  the  property 
variation  to  changes  in  the  microstructure.  During  superplastic  forming  of  aluminium  alloys 
Intergranular  cavities  are  formed  with  increasing  strain  which  degrade  the  material  and  reduce  the 
mechanical  properties.  Ways  to  prevent  cavitation  both  during  and  after  superplastic  forming  have  been 
developed  and  the  effect  of  these  treatments  on  the  mechanical  properties  will  be  discussed. 

1.  INTRODUCTION 

Superplasticity  is  defined  as  the  ability  of  a  material  to  undergo  large  elongations,  of  the  order 
of  several  hundred  percent,  without  'necking'  and  failure.  The  predominant  deformation  mechanism 
is  grain  boundary  sliding,  which  is  favoured  by  high  temperatures  (>0.5Tm,  where  Tm  is  the  melting 
point  in  degrees  absolute)  and  controlled  strain  rates.  An  ultra-fine  grain  micro  structure 
(<10ym)  is  required  which  is  relatively  stable  at  the  high  forming  temperatures. 

Superplastic  forming  (SPF)  offers  considerable  potential  for  reducing  the  weight  and  manufacturing 
cost  of  typical  aircraft  structures,  particularly  if  it  is  combined  with  diffusion  bonding  (DB). 
As  a  result,  considerable  effort  has  been  devoted  in  the  aerospace  industry  to  the  development  of 
SPF  techniques  for  both  titanium  and  aluminium  alloys.  In  order  to  fully  exploit  the  process,  it 
is  necessary  to  be  aware  of  the  potential  for  novel  designs  and  to  have  mechanical  property  data 
for  the  formed  material.  Possible  failure  modes  also  need  to  be  understood  In  SPF/D8  structures. 

In  spite  of  the  extensive  literature  which  is  available  on  the  superplasticity  of  metals,  there  is 
relatively  little  information  on  post-forming  mechanical  properties.  Initially,  this  was  probably 
due  to  the  lack  of  processing  plant  capable  of  producing  large  areas  of  superplastically  formed 
material.  Problems  were  also  encountered  in  the  extraction  of  suitable  test  specimens  from  formed 
shapes,  due  to  significant  thickness  variations  over  the  surface  area.  Most  of  the  early  data  was 
therefore  generated  from  uniaxially  deformed  bar  or  sheet,  processed  In  tensile  test  machines 
modified  to  operate  at  constant  strain  rates  and  elevated  temperature. 

2.  TITANIUM  ALLOYS 


The  mechanical  property  data  that  is  presented  for  superplastically  formed  titanium  alloys  has  been 

obtained  from  material  deformed  using  one  of  the  three  techniques  described  below:- 

i)  UNIAXIAL  FORMING,  where  the  material  Is  subjected  to  a  uniaxial  tensile  force  at  elevated 
temperature  and  in  an  inert  argon  atmosphere. 

li)  MUFFLE  BOX  OR  COLD  DIE  TECHNIQUE,  where  the  material  is  loaded  into  a  cold  die,  sealed  and 

heated  to  temperature.  It  is  then  formed  using  an  inert  gas  and  cooled  to  room  temperature 
before  being  removed  from  the  tool. 

ill)  HOT  OPEN  DIE  TECHNIQUE,  where  the  material  is  loaded  into  hot  dies  (i.e.  at  working 
temperature),  formed  using  an  inert  gas  and  removed  to  cool  In  still  air. 

2. 1  Mlcrostructural  Effects. 


T1/6A1/4V  has  a  two  phase  oc+p  microstructure  and  is  the  most  widely  used  alloy  for 
producln.  SPF  and  SPF/DB  structures.  Optimum  forming  parameters  depend  on  the  initial  grain 
size  and  volume  fractions  of  the  alpha  and  beta  phases  that  are  present.  Initially,  forming 
temperatures  of  around  925°C  and  strain  rates  of  the  order  of  1.5  x  10-4  sec-1  were  used 
[1,2,3],  but  today,  the  trend  is  towards  much  lower  temperatures  and  higher  strain  rates  in 
order  to  improve  efficiency.  Even  with  these  improved  conditions,  the  material  is  still  held 
at  high  temperatures  for  long  periods  of  time  (1-4  hours),  which  would  allow 
recrystalllsatlon  and  grain  growth  to  occur. 

The  effect  of  the  thermal  cycle  on  grain  size  can  be  determined  from  a  series  of  isothermal 
anneals,  and  typical  results  for  water  quenched  T1/6A1/4V  are  shown  in  Figure  la.  For 
isothermal  anneals,  the  actual  grain  growth  is  found  to  be  negligible,  but  the  combination  of 
temperature  and  superplastic  strain  produced  a  significant  increase  in  grain  size.  However, 
not  all  Ti-alloys  behave  in  a  similar  manner.  Isothermal  grain  growth  is  much  more  rapid  in 
beta  stabilised  Ti/ 1 5V/3Cr/3Al/3Sn,  but  superplastic  deformation  ultimately  results  in  an 
overall  reduction  in  grain  size  (4)  (Figure  lb). 
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2.1  (contd . ) 

The  post-foraed  microetructure  is  also  dependent  on  the  forming  technique  end  typical 
microstructures  for  T1/6A1/4V  in  the  as-received  and  formed  condition  are  shown  in  Figure  2. 
Changes  to  the  grain  site,  shape  and  beta  distribution  after  forming  are  clearly  visible. 
The  difference  between  the  microstructures  for  the  mufflebox  and  hot  open  die  technique  are 
due  to  the  effect  of  cooling  rate.  With  the  mufflebox  process,  the  formed  part  is  removed 
from  the  furnace  in  the  tool  and  slowly  cooled  to  room  temperature  before  removal.  Parts 
formed  using  the  hot  open  die  technique  are  extracted  at  forming  temperature  and  allowed  to 
cool  quickly  in  still  air.  Minor  variations  in  microstructure  can  result  from  different 
cooling  rates  associated  with  differences  in  final  thickness  or  component  configuration  with 
SPF/DB  parts.  These  differences  in  microstructure  account  for  the  differences  in  mechanical 
properties  between  the  two  processes. 

Superplasticity  is  characterised  by  a  resistance  to  necking  during  deformation,  which  enables 
large  strains  (300-500Z)  to  be  achieved  in  sheet  whilst  retaining  uniform  thickness.  Any 
local  variations  in  superplasticity  will  lead  to  local  necking  and  variations  in  the  final 
thickness.  Such  an  effect  has  been  observed  in  T1/6A1/4V  when  continuous  bands  of  the  alpha 
phase  are  present  in  the  original  sheet  microstructure  (Figure  2b) . 

Banded  microstructures  tend  to  be  more  pronounced  in  the  bar  form,  and  aligned  alpha  bands 
have  been  shown  to  resist  deformation  and  give  rise  to  anisotropic  stresses  and  strains  [5] 
The  resulting  shape  changes  in  round  bars  after  superplastic  deformation  are  shown  in  Figure 
3a.  The  peaks  on  the  surface  correspond  to  the  ends  of  the  Oc -bands  which  are  perpendicular 
to  the  deformation  axis.  A  similar  effect  has  been  observed  in  thin  sheet  (Figure  3b)  which 
has  been  machined  from  bar  [4].  During  superplastic  deformation,  significant  reductions  in 
the  amount  of  banding  and  near  isotropic  deformation  was  obtained  after  60Z  uniaxial  strain. 
The  banded  structure  was  fully  eliminated  after  300Z  strain  giving  a  more  homogenous 
microstructure  which  then  deformed  isotropically. 

These  results  clearly  show  the  importance  of  thermo-mechanical  processing  in  the  production 
of  superplaatic  quality  sheet.  It  is  not  sufficient  to  produce  a  small  grain  size,  a 
uniform  distribution  of  the  phases  Is  also  need  to  give  consistent  parts. 

As  stated  in  the  introduction,  any  reduction  in  forming  temperature  will  reduce  energy  and 
tooling  costs.  However,  reducing  forming  temperature  not  only  reduces  superplastlclty ,  it 
also  leads  to  higher  forming  stresses  as  the  amount  of  beta  in  the  microstructure  decreases. 

Slip  modes  also  start  to  operate  in  addition  to  grain  boundary  sliding,  and  the  deformation 

approaches  that  characteristic  of  conventional  hot  forming  (6).  The  ability  of  the  material 
to  change  shape  then  becomes  more  dependent  on  crystallographic  texture,  and  there  is  a 
greater  tendency  for  variations  in  sheet  thickness  and  for  anisotropy  to  occur.  Attempts  at 
reducing  the  forming  time  by  increasing  the  strain  rate  have  a  similar  effect. 

It  should  also  be  noted  that  titanium  has  a  high  reactivity  with  a  number  of  elements 
(oxygen,  hydrogen,  nitrogen,  etc),  which  diffuse  into  the  material  and  produce  a  hard, 
contaminated  surface  layer.  As  with  the  general  microstructure,  the  type  and  degree  of 
contamination  is  dependent  on  the  forming  technique  that  is  used.  With  the  mufflebox  process 
the  titanium  material  is  heated,  formed  and  cooled  in  an  inert  atmosphere,  minimising  the 
opportunity  for  contamination  to  occur.  When  present,  it  can  take  the  form  of  an  alpha  or 

beta  stabilised  layer,  depending  on  the  source  and  hence  type  of  foreign  atom  present.  In 

the  hot  open  die  process,  the  material  is  exposed  to  the  atmosphere  during  both  the  heating 
and  cooling  cycles.  As  a  result,  the  formed  parts  usually  have  an  alpha  contaminated  layer 
and  the  degree  of  contamination  is  generally  greater  than  that  produced  by  the  mufflebox 
process. 

Contamination  is  always  removed  from  the  surface  of  formed  components  by  a  subsequent 
cheml-mllllng  operation,  and  all  of  the  mechanical  properties  that  are  quoted  are  for 
material  with  no  contamination  present. 

2.2  Uniaxial  Tensile  Property  Data 

The  effect  of  superplaatic  strain  on  the  strength  of  T1/6A1/4V  sheet  material  is  shown  in 
Figure  4.  The  actual  strength  values  depend  on  the  original  sheet  thickness  and  processing 
history  (7],  but  the  trends  are  similar  for  each  of  the  starting  gauges.  Basically,  a 
significant  reduction  in  strength  is  caused  by  the  thermal  cycle,  with  a  further  and  much 
smaller  reduction  in  strength  resulting  from  the  superplastic  strain. 

IMI550  has  a  similar  superplaatic  behaviour  to  T1/6A1/4V,  but  at  a  lower  optimum  forming 
temperature  of  900*C.  Overall  trends  (Figure  5)  are  very  similar  to  T1/6A1/4V.  However,  the 
alloy  is  heat  treatable  and  final  strength  can  be  influenced  by  the  subsequent  thermal 
history.  Room  temperature  tensile  properties  for  IMI550  material  in  a  number  of  heat 
treatment  conditions  and  in  the  unformed  and  superplastlcally  formed  state  are  summarised  in 
Tables  1  and  2.  From  the  quoted  figures  [7,  23,  24]  it  is  apparent  that  ^  5X  Increase  In 
tensile  strength  can  be  achieved  by  Increasing  the  cooling  rate  after  forming  from  25*C  min 
to  150*C  min-1,  with  a  further  Increase  of  ~  8Z  by  subsequent  ageing.  A  cooling  rate  of 
150*C  min-1  after  SPF  and  an  ageing  treatment  of  500*C  for  24  hours  produced  a  tensile 
strength  which  was  4Z  higher  than  the  mill  annealed  material  and  considerably  greater  than 
T1/6A1/4V  material  in  the  as  formed  condition. 
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2.2  (coned . ) 

The  T1  8.1.1  and  Tl  15,3.3.3  alloys  have  also  been  evaluated  (7]  but  the  results  were 
disappointing.  Tl  8.1.1  only  exhibited  high  strain  rate  sensitivity  ('a'  value)  at  high 
temperatures  (940-1010*0,  whilst  Ti  15.3.3.3  had  low  'm'  values  and  a  coarse  grain  size 
which  led  to  severe  surface  rumpling.  Corresponding  tensile  strengths  after  SPF  were  also 
much  lower  than  for  T1/6A1/4V. 

2 . 1  Biaxial  Property  Data 

A  number  of  SPF  boxes  have  been  produced  from  nominal  3ma  thick  T1/6A1/4V  sheet  using  the 
mufflebox  [8j  and  Hot  Open  Die  {9|  techniques.  A  series  of  test  specimens  (tensile,  fatigue, 
crack  propagation/fracture  toughness)  were  then  extracted  from  various  positions  in  the  bases 
to  give  longitudinal  and  transverse  (to  final  rolling  direction)  properties  for  a  rar.ge  of 
superplastic  strains.  Tensile  and  fatigue  results  are  presented  in  Figures  6, 7  and  8. 

2.3.1  Tensile 

The  mufflebox  process  produced  similar  results  to  the  uniaxial  data.  Thermal 
cycling  alone  accounted  for  ^  10Z  reduction  in  strength,  with  a  further  2-5Z 
reduction  being  attributable  to  superplast ic  deformation.  Overall  trends  were  the 
same  for  the  hot  open  die  technique  but  to  a  lesser  extent.  In  general,  these 
differences  can  be  explained  by  the  different  microstructures  resulting  from 
different  cooling  rates.  The  only  anomaly  Is  an  apparent  increase  in  tensile 
strength  with  Increasing  strain  for  the  hot  open  die  technique.  This  effect  may  be 
due  to  diffusion  of  the  contaminating  interstitial  elements  (oxygen,  hydrogen, 
nitrogen,  etc)  from  the  surface  Into  the  bulk  material. 

2.3.2  Fat igue 

The  notch  fatigue  performance  of  ii/6Al/4V  material  deformed  using  the  mufflebox 
process  has  been  evaluated  using  constant  amplitude  loading  at  a  stress  ratio  R  of 
0.05  and  a  Kt  of  2.68.  The  nominal  starting  thickness  in  this  case  was  -'.Omni  and  It 
was  subjected  to  superpla.st  ic  strains  of  up  to  150Z.  From  the  resulting  S/N  curve 
(Figure  8a)  and  a  limited  number  of  as-received  and  heat  cycled  specimens,  it  was 
evident  that  superplastic  strain  had  a  negligible  effect  on  fatigue  performance. 

A  comparison  between  the  fatigue  performance  of  mufflebox  jnd  hot  open  die  material 
under  FA1. STAFF  flight  by  flight  loading  Is  given  in  Figures  8b  and  8c.  The 
specimens  were  notched  to  give  a  stress  concentration  factor  of  Kt"2.44  and  tested 
at  two  different  load  levels  (  <5  32"  490MPa  and  <3  1*  ..  a  .  '•.’though  the 

results  exhibited  a  relatively  large  amount  of  scatto-,  tne  '!»’*'  technique  generally 
produced  slightly  better  lives.  This  is  not  «•;< •  pi i^ng  given  the  slightly  better 
static  properties  for  the  HOD  technique 

.. .  • .  3  Crack  Prcpagac  ion/Fracture  Toug>-  as 

A  comparison  of  crack  propagati  •  characteristics  and  fracture  toughness  results  for 
as-received  and  SPF  material  showed  that  sup-  *•  -nation  did  not  have  a 

detrimental  effect  on  properties. 

ALcMlNU'M  ALLOYS 

As  with  titanium  alloys,  the  major  pre-requisite  for  guperplastic  deformation  is  a  fine,  stable 
grain  size.  However,  unlike  the  duplex  titanium  alloys,  the  aluminium  alloys  generally  have  a 
single  phase  microstructure  which  tends  to  lead  to  grain  growth  and  intergranular  cavitation  during 
high  temperature  forming. 

The  aluminium  alloys  which  are  currently  available  as  production  quality  SPF  materials 
are  based  on  the  Al/Zn/Mg  and  Al/Cu/Zr  systems.  In  the  case  of  the  Al/Zn/Mg  material  (7475) 
superplasticity  has  been  achieved  by  special  thermomechanical  processing  in  order  to  give  fine 
recrystallised  grains  which  are  controlled  by  a  dispersoid  particle  distribution.  The  Al/Cu/Zr 
family  of  alloys  (Suprals)  rely  on  dynamic  recrystallisation  during  the  forming  process  to  produce 
and  maintain  the  fine  grain  size. 

During  development  of  the  Al/Li/Cu/Mg/Zr  alloys  (Alcan  8090  and  8091),  it  was  found  that  these 
materials  were  also  capable  of  superplastic  deformation.  The  initial  fine  grained  unrecrystallised 
microstructure  of  the  as  received  material  is  converted  to  a  fine  grained  recrystallised  structure 
during  superplastic  strain. 

3 . 1  Mlcrostructural  Effects 

With  superplastic  deformation  of  aluminium  alloys,  the  absence  of  an  additional  phase  which 
is  capable  of  accommodating  grain  boundary  sliding  leads  to  the  formation  of  intergranular 
cavities.  The  effect  of  superplastic  forming  strain  on  microstructure  la  clearly  shown  in 
Figure  9. [ 25 1 . 

Before  these  materials  can  be  introduced  intc  aircraft  structures,  it  is  necessary  to  either 
develop  a  basic  understanding  of  the  influence  of  cavitation  on  mechanical  properties,  or 
develop  a  technique  for  eliminating  it.  One  method  for  eliminating  cavities  Involves  the 
incorporation  of  a  superimposed  hydrostatic  back  pressure  during  the  forming  cycle 
[10,11,26,27]  which  suppresses  cavity  formation  and  improves  the  alloys  formability  (Figure 
9b). 
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3.1  (contd.. . ) 

The  following  section*  address  the  effect  of  superplastic  strain  on  the  mechanical  properties 
of  a  series  of  forced  alloys,  with  and  without  cavitation  being  present. 

3.2  Tensile  Property  Data 

The  effect  of  superplastic  strain  and  test  temperature  on  the  tensile  properties  of  a  range 
of  Supral  alloys  which  have  been  formed  without  back  pressure  is  presented  In  Table  3.  It  is 
apparent  that  the  alloys  are  reasonably  isotropic  and  that  strength  and  ductility  are 
reduced  with  increasing  strain,  which  results  In  increasing  cavitation.  The  clad  alloys  are 
also  weaker  than  the  unclad  version.  This  Is  due  to  two  factors:  the  presence  of  a  weaker 
commercially  pure  aluminium  layer  and  the  Increased  levels  of  cavitation  produced  in  these 
alloys  with  superplastic  strain  [17,  18]. 

Cavitation  created  during  the  forming  cycle  may  be  sealed  by  a  post  fors  hipping  [28,29] 
operation,  but  any  Improvement  in  properties  appears  to  be  limited  to  removal  of  small 
cavities,  rather  than  the  large  interlinked  cavities  seen  at  high  strains.  Moreover,  cavity 
closure  does  not  necessarily  indicate  that  the  cavities  have  been  sealed.  In  Figure  10,  post 
form  hipping  of  Supral  150  achieved  parent  densities  over  a  range  of  hipping  temperatures 
[29],  but  some  cavitation  returned  after  re-solution  treatment  (as  Indicated  by  a  drop  In 
density)  even  when  hipping  temperatures  of  530*C  were  used.  It  is  thought  that  this  is 
caused  by  the  presence  of  hydrogen  in  the  original  cavitlea,  or  Its  subsequent  migration  to 
them.  Vacuum  degassing  prior  to  hipping  does  reduce  the  re-appearance  of  cavities  and 
enables  parent  densities  to  be  achieved  after  resolution  treatment.  Sealing  of  cavities  In 
this  manner  Increases  the  ductility  of  the  formed  material,  but  very  high  hipping  pressures 
(lOOMPa)  and  long  times  (3  hours)  are  required  before  Improvements  In  the  tensile  strength 
are  seen. [19]. 

Further  improvements  In  post-formed  properties  can  be  achieved  by  suppressing  cavity  formatlor 
during  forming  and  typical  properties  for  a  range  of  alloys  are  presented  In  Figure  11.  Test 
specimens  have  been  extracted  from  test  boxes  blaxlally  formed  with  the  benefit  of 
back-pressure.  As  a  rule,  tensile  strength  reduces  with  increasing  superplastic  strain.  The 
initial  rise  In  strength  for  the  Supral  220  material  Is  due  to  the  onset  of  dynamic 
recrystallisation  during  the  initial  stages,  refining  grain  size  to  the  order  of  4-6pm. 
This  can  clearly  be  seen  by  a  comparison  of  the  microstructure  for  undeformed  and  deformed 
material  in  Figure.  9c.  [21]. 

It  Is  interesting  to  note  that,  with  the  exception  of  Al-Li  alloy  (Alcan  8090),  It  Is 
necessary  to  resolution  treat  prior  to  ageing  in  order  to  obtain  maximum  strength.  A  lack  of 
quench  rate  sensitivity  is  extremely  important.  It  is  possible  to  achieve  near  maximum 
properties  for  the  8090  alloy  without  the  problems  of  distortion  that  are  associated  with 
re-solutlon  treatment  and  quenching  of  thin  complex  shaped  components.  The  8090  material  also 
offers  10Z  reduction  In  density  over  the  other  alloys  and  an  elastic  modulus  of  78GPa.  A 
high  modulus  Is  particularly  Important  for  thin  sheet  structures  which  are  designed  on 
stiffness  rather  than  strength. 

3.3  Fatigue 

The  effect  of  superplastic  strain  on  the  fatigue  performance  of  Supral,  7475  and  Alcan  8090 
alloys  has  been  determined  by  a  number  of  people  [ 21 , 13, 14, 15, 17, 18,22] .  All  the  data  has 
been  generated  using  sinusoidal  loading  and  a  stress  ratio  (R)  of  0.1.  The  fatigue 
performance  of  Supral  (Figure  12)  and  7475  alloys  (Figure  13)  has  been  found  to  be 
Independent  of  test  orientation,  but  longitudinal  data  is  only  available  for  the  8090  alloy 
(Figure  14). 

The  two  sets  of  results  for  the  Supral  alloys  in  the  T6  condition  (Figure  12)  show  marked 
differences  in  their  fatigue  performance  even  though  the  material  tested  was  supplied  and 
formed  by  the  same  manufacturer.  The  data  reported  by  Shakeaheff  [17,18],  gives  a 
consistently  better  fatigue  performance  for  the  four  alloys,  which  appears  to  be  less 
dependent  upon  su  ^rplastic  strain  than  that  reported  by  Llpslus  et  al  [22].  In  Supral  100 
and  150  this  difference  could  be  associated  with  different  levels  of  intergranular 
cavitation,  which  act  as  fatigue  Initiation  sites.  Unfortunately,  this  cannot  be  confirmed 
as  no  cavitation  data  was  reported  by  Llpslus  et  al.  This  was  not  the  case  for  the  clad 
Supral  220  alloy,  as  both  workers  reported  similar  levels  of  cavitation  (6-7Z  aftsr  250Z 
superplastic  strain) .  A  more  likely  explanation  in  this  instance  is  that  it  is  due  to 
incipient  melting.  Shakesheff  established  that  Incipient  melting  occurred  at  527*C  [18], 
which  la  3*C  lower  than  the  recommended  solution  heat  treatment  temperature  of  530°C.  As  a 
consequence  Shakesheff  reduced  the  solution  heat  treatment  temperature  to  520*C,  and  did  not 
observe  fatigue  initiation  from  sub-surface  defects  as  reported  by  Llpslus  et  al. 

The  effect  of  superplastic  strain  on  notched  (Rt*3)  fatigue  has  only  been  determined  for 
Supral  220.  The  data  reveals  a  slight  reduction  in  the  overall  fatigue  performance  in 
comparison  to  unnotched  data,  with  a  lower  degree  of  scatter  and  an  Independence  of 
superplastic  strain  up  to  at  least  250Z.  The  reduced  scatter  is  consistent  with  the  notch 
stress  intensity  overriding  fatigue  initiation  from  the  clad  surface,  or  sub-surface  defects 
associated  with  liquation  and/or  cavitation. 
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3.3. 


contd 


Comparison  of  the  results  for  the  low  strength  (Supral  100  and  150)  and  high  strength  (Supral 
220)  alloys  clearly  demonstrates  that  the  clad  version  has  poorer  fatigue  performance.  This 
is  attributed  to  fatigue  initiation  in  the  clad  layer,  especially  as  the  clad  grain  size 
increases  more  rapidly  than  the  matrix  during  superplastic  deformation.  It  would  also  explain 
why  the  fatigue  performance  of  clad  Supral  220  is  apparently  insensitive  to  cavitation  whilst 
the  unclad  version  is  cavitation  dependent. 

Information  in  the  literature  on  the  unnotched  fatigue  performance  of  7475  in  the  T6 
condition  is  conflicting.  In  Figure  13a,  Bampton  et  al  [15]  report  that  the  fatigue 
performance  is  improved  with  superplastic  strain,  although  actual  strain  levels  are  not 
quoted.  On  the  other  hand,  Bampton  and  Edington  [13]  (Figure  13b)  reported  that  the  fatigue 
life  for  a  peak  stress  level  of  275MPa  and  R  of  0.1  decreased  with  superplastic  strain  in 
excess  of  100%.  No  explanation  is  available.  ‘  When  formed  under  a  back  pressure  the 
fatigue  of  material  strained  up  to  at  least  150%  was  the  same  as  that  for  undeformed  fine 
grained  sheet  [14]. 

The  fatigue  performance  of  the  8090  alloy  after  superplastic  forming  using  back  pressure  and 
immediate  post  form  ageing  (no  resolution  treatment)  to  a  T6  state  is  given  in  Figure  14.(4] 
The  reduction  in  fatigue  performance  at  strains  in  excess  of  100%  is  due  to  the  original 
unrecrystallised  microstructure  gradually  being  converted  to  a  weaker  recrystallised 
microstructure.  However,  limited  data  for  material  which  has  been  re-solution  treated  prior 
to  ageing  indicates  that  fatigue  properties  can  be  improved  to  give  results  which  are 
comparable  to  undeformed,  heat  cycled  and  aged  material  as  well  as  7475-T6  and  Supral  220. 

3.4  Crack  Propagation/Fracture  Toughness 

Data  on  the  fatigue  crack  growth  rate  of  the  Supral  alloys  in  the  as-formed  and  formed  and 
aged  condition,  is  presented  in  Figures  15  and  16.(17,18]  No  back-pressure  was  used. 
Generally,  the  unclad  Supral  alloys  have  a  lower  fatigue  crack  growth  rate  at  the  same  a  k 
and  superplastic  strain,  whilst  the  fatigue  crack  growth  rate  increases  with  increasing 
superplastic  strain.  Post  forming  heat  treatment  reduces  the  threshold  AK  from  4. 5-6. 5  MPa 
/in  for  the  as  formed  material  (Fig.  15),  to  3. 0-3. 8  MPa  /  m  for  the  formed  and  heat  treated 
condition  (Fig. 16).  Heat  treatment  also  increases  the  fatigue  crack  growth  rate  for  material 
which  has  been  subjected  to  250%  strain  :  the  100%  strained  material  is  comparable  to  the  as 
formed  condition. 

It  is  not  known  whether  the  dependence  of  fatigue  crack  growth  rate  on  superplastic  strain 
would  still  exist  if  back  pressure  was  used,  although  limited  data  for  cavitation  free  7475 
material  subjected  to  up  to  150%  strain  and  heat  treated  to  T6  condition  [14]  does  suggest 
that  fatigue  crack  growth  rate  is  independent  of  superplastic  strain.  Agrawal  and  Truss  [I4J 
also  noted  that  the  fatigue  crack  growth  rate  in  7475  is  increased  by  8-10%  when  the 
superplastically  formed  material  was  tested  under  the  same  conditions  but  in  salt  water 
rather  than  air. 

The  only  fracture  toughness  data  that  is  available  is  for  clad  and  unclad  Supral  220 
material  [19].  This  is  summarised  in  Figure  17,  and  shows  that  Kc  reduces  with  increasing 
superplastic  strain  and  that  the  clad  sheet  has  a  lower  Kc  than  the  unclad  sheet  for  a  given 
strain,  probably  due  to  a  higher  degree  of  cavitation.  The  importance  of  cavitation  is 
confirmed  by  the  hipped  results,  where  an  approximate  increase  of  25%  on  the  Kc  value  for 
unclad  Supral  220  was  achieved  by  hipping  prior  to  heat  treatment  in  order  to  remove  the  3-4% 
cavitation  that  was  present. 

3.5  Compressive  and  Bearing  Strength 

The  compressive  strength  of  the  Supral  alloys  [22]  is  independent  of  superplastic  strain  up 
to  approximately  250%  whereas  the  7475  [14]  alloy  begins  to  fall  after  approximately  100%. 
On  the  other  hand,  the  bearing  strength  of  Supral  [22]  and  7475  [14]  alloys  were  generally 
reduced  with  Increasing  superplastic  strain,  although  some  anomalies  were  observed  with  the 
Supral  alloys. 

CONCLUSION 


The  mechanical  properties  of  both  titanium  and  aluminium  alloys  tend  to  be  reduced  by  superplastic 
strain.  In  titanium  alloys,  the  reduction  in  strength  is  primarily  due  to  variation  in 
microstructure  resulting  from  the  thermal  cycle  and  to  a  lesser  extent  by  the  superplastic  strain. 
However,  increasing  the  amount  of  superplastic  deformation  will  make  a  material  with  an  aligned 
microstructure  or  strong  crystallographic  texture  more  isotropic. 

The  aluminium  alloys  are  susceptible  to  Intergranular  cavitation  during  superplastic  deformation, 
and  the  amount  of  cavitation  Increases  with  increasing  strain.  The  presence  of  these  cavities 
results  In  a  significant  reduction  in  mechanical  properties  and  optimum  design  parameters  can  only 
be  achieved  if  cavity  formation  is  suppressed  during  the  deformation  cycle. 
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EFFECT  OF  SUPERPLASTK  STRAIN  AT  tOO  DEO.  C  AND  POST-FORMMG  HEAT 
TREATMENT  ON  THE  ROOM  TEMPERATURE  TEN8ILE  PROPERTIES  OF  HM  560  SHEET 


TABLE  2 
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EBFECT  OF  TEST  TEMPERATURE  AND  SUPERPLASTIC  STRAIN  WITHOUT  BACK  PRESSURE 
ON  TEN8S9  PROPERTIES  OF  SUPRAL  ALLOYS  — 75  CONDITION  (R«122). 
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EFFECT  OF  SUPERPIA3TK  STRAIN  AT  900*C  AND  3  x  10'«  ON  ROOM 
TEMPERATURE  0.2%  PROOF  STRESS  AND  TENSILE  STRENGTH  OF  MM  560  SHEET 


FIG.  5 
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EFFECT  OF  SUPERPLASTIC  STRAIN  AND  POST  FORMING  HEAT  TREATMENT  ON  THE 
TENSILE  PROPERTIES  OF  SUPERPLASTIC  ALUMINIUM  ALLOYS. 
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/UXBOUf  TO  1987  AGMtD  LECTURE  SERIES  NO  154  ON 
JfSCHMIICAL  PROPERTIES  OF  SUPERPLASTTCALLY 
FUR®  TITANItM  AM)  AUMNHJ1  ALLOTS 


by 


F  G  Partridge,  D  S  McDerasid  (RAE  Farnborough  UK) 
and  I  Bottomley  and  D  Cannon  (British  Aerospace,  Military  Aircraft  Ltd). 


A1  rniRODUCnOM 

This  Addenda::  is  intended  to  follow  the  1987  Lecture  on  page  6.1  and  to  provide  an  update  on 
developments  since  the  last  Lecture  Series  No  154  was  published. 

The  three  most  laportant  factors  affecting  poet  formed  properties  remain  [1] 

1  thermal  cycles  associated  with  superplastic  forming  (SPF) , 

2  plastic  deformation, 

3  reactions  with  the  onrironnent. 

Further  work  has  been  reported  on  the  effect  of  superplastic  deformation  on  Ti-alloys  in  the 
form  of  sheet,  bar  and  extrusions.  Increasing  interest  in  Al-Li  alloys  has  led  to  more  test 
data  becoming  available  an  the  mechanical  properties  of  these  alloys  after  SPF.  These  topics 
are  discussed  in  this  Addendum. 


A2  TITAHim  ALLOYS 

A2.1  Tensile  Properties  of  Sheet,  bar  and  extrusions 

The  need  to  obtain  a  uniform  distribution  of  equiaxed  alpha  and  beta  phases  for  isotropic 
superplasticity  is  now  recognised  [21.  The  large  variation  in  transverse  strain  produced  in 
sheet  by  bended  or  or  A  microstructure  la  shown  in  Figure  Al.  This  variation  in  strain  can 
reduce  the  sheet  thickness  laiiformlty  and  adversely  affect  the  mechanical  properties. 

Chat  formed  sheet  teneile  properties  hove  been  suaarised  in  the  1987  Lecture  (p  6.2)  and  in 
mheerpmnt  papers  [1,  2,  41.  The  yield  and  tensile  strength  of  post  formed  Ti-6A1-V,’  alloy 
sheet  may  be  above  or  be  Lew  the  minimal  specification  (AM54922)  values.  Ageing  of  alloys  IMI 
550  (Ti-4Al-4Mo-2Sn-0.5Si>,  Ti  6242  <Ti-6Al-2S-4Zr-3fe)  and  TT-M1-4V  after  slow  cooling  from 
the  forming  teepenture  did  not  have  any  beneficial  effect  Bn  sheet  tensile  properties, 
llowever  ccnplete  re-solution  heat  treatment  followed  by  ageing  produced  yield  strengths 
oamparable  with  those  in  the  pre-formed  state. 

Data  for  TI-6A1-4V  alloy  sheet  in  the  thickness  range  3.3  -  0.9ts:  were  reported  in  the  1987 
Lecture  (Figure  5).  Additional  data  an  the  tensile  properties  of  SPF  Ti  6A1/4V  in  the  form  of 
a  histograa  is  given  in  figure  A2  [3] .  This  data  is  taken  firm  a  range  of  SPF  and  SPF/DB 
production  manufactured  components,  superplastic  strains  range  from  0  to  v  1502.  Further 
taste  hove  ben  carried  cut  on  0.5m  thick  sheet  after  3002  extension  to  0.24m  thickness  [51. 
The  sheet  deformed  uniformly  as  shewn  In  the  section  in  Figure  A3 ,  but  there  wee  an  increase  in 
surface  roughness  at  discussed  elsewhere  [6).  Tensile  properties  after  deformation  were  4-62 
lower  than  those  for  as  received  sheet  (Table  Al)  and  the  elongation  was  reduced  by  half, 
probably  die  to  the  reduced  croea-eectlon  aa  fond  in  biaxially  formed  sheet  [7]. 

Rolled  bar  or  extruded  sections  can  also  be  siperplastically  formed  with  low  flow  stresses  and 
high*  »-  values  00.6),  but  the  large  grain  size  or  acicular  micros  true  ture  in  these  product 
fames  reduces  the  superplaaticity  coopered  with  sheet  [8],  For  axaple,  to  obtain  the  ssne 
flow  stress  used  for  forming  sheet  the  required  strain  rates  ( t )  are  In  the  ratio  e  sheet: 
t  bar:  i  extrusion  2.4:  2.1;  1.  A  five-fold  increase  in  forming  time  for  extruded  material 
may  repteeent  a  slgiif leant  increase  in  cost.  Anisotropic  ani plasticity  vea  observed  in  teat 
pieces  cue  firm  ai  extruded  section  or  cut  from  bar  material  in  directions  normal  to  the  bar 
axis,  but  isotropic  superplasticity  was  found  in  teat  pieces  oriented  parallel  to  the  bar  axis 
(see  insets  in  Figure  AA) .  This  behaviour  mat  be  talon  into  account  whan  forming  shapes  from 
these  product  fame.  The  alcroetructurs  of  both  bar  axl  extrusion  became  more  uniform  aid 
equiaxed  after  SPF  (Figure  AA) .  In  da  future  the  atieotropy  effects  may  be  reduced  by 
modified  processing  and  neat  trmatzont  of  bar  and  extrusions  prior  to  forming.  The  poet  formed 
taneile  properties  ere  shown  In  Table  All  a  reduction  of  2-72  was  obtained  in  the  bar 
properties  but  dare  wee  negligible  change  in  the  properties  of  the  extruded  aateriel. 
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A  detailed  study  of  the  superplastic  deformation  of  electron  been  welded  T1-6A1-4V  sheet  has 
been  carried  out  [91 1  the  fusion  (FZ>  and  heat  affected  zones  (HAZ)  were  not  superplastic. 
Nevertheless  If  the  weld  was  aligned  parallel  to  the  principle  strain  axis  the  weld  deformed 
with  the  sheet,  weld  undercuts  were  removed  and  relatively  uniform  sheet  cross  sections  could 
be  obtained  if  the  weld  was  pre-machined  (Figure  S).  In  the  as  welded  state  welds  aligned 
parallel  and  in  the  centre  of  a  tensile  test  piece  gauge  length  caused  high  tensile  strength. 
After  Spy  the  strength  was  reduced  by  8-1 51  (Table  Al).  It  was  concluded  that  after  SPF  the 
Improved  micros  true  ture  aid  the  absence  of  residual  stresses  and  weld  undercuts  would  lead  to 
weld  fatigue  properties  close  to  those  of  the  parent  material. 

A2.2  Elevated  Temperature  Properties 

Tim  elevated  temperature  properties  of  T1-6A1-4V  alloy  sheet  after  SFF  [10]  was  reduced  in 
proportion  to  the  room  temperature  strength  reduction  up  to  about  400*C  (Figure  A6) .  Tests  In 
the  temperature  ruauge  316-538'C  have  been  reported  for  Ti-6242  sheet  after  SFF  strains  up  to 
7001  [11] .  The  roco  temperature  tensile  and  yield  strengths  were  reduced  by  101.  At  316°C 
creep  teste  at  427*C  and  538°C  showed  the  creep  rate  was  reduced  by  superplaatic  strain,  with 
the  reduction  greater  after  2001  strain  than  after  1002  strain  (Figure  A7).  Hie  reduction  was 
attributed  to  grain  coarsening  during  the  thermal  cycle  and  for  a  given  superplastic  strain  a 
greater  creep  resistance  wsa  expected  for  slower  superplastic  strain  rates. 

A2.3  Fatigue 

Mitoh  et  al  [12]  have  reported  on  the  effect  of  1002  superplastic  strain  on  the  S/N  fatigue 
(R-0.05)  data  for  T1-6A1-4V.  Their  results  agree  with  previous  work  [13]  that  SFF  or  thermal 
cycling  produces  shorter  fatigue  Uvea  and  a  reduction  In  the  fatigue  limit  by  35-56Z  compared 
with  the  mill  annealed  material  (Fig.  A8) . 

However  reheat  treatment  was  found  to  Increase  the  life  (by  a  factor  1.6)  to  approach  that  of 
the  aa  received  material.  Further  work  is  required  In  this  area. 

A2.4  Fracture  Toughness  and  Crack  Propagation 

Superplastic  deformation  appears  to  have  no  adverse  effect  cn  fracture  toughness  (FT)  or  crack 
propagation  (CP)  in  XL-6A1-4V  [14].  For  example  FT  values  after  SFF  were  in,  the  range 
K_  -  1200  -  1500  tta  '  and  after  SPF  +  STA  heat  treatment  K-.  -  1400-1700  tta  '  ,  which  is 
cobparable  to  the  as  received  values .  CP  values  were  also  similar  for  forged  and  SFF  materials 
[3]. 


A3.  AmgNiw  auxxs 

In  addition  to  data  pressited  in  Figure  11,  0.22  Proof  Stress  date  on  superplastically  formed 
2090  Alundnluii/Llthlusn  alloy  In  ST  +  A  condition  has  been  reported  [15],  this  is  slightly  lower 
than  that  for  8090  (In  the  longitudinal  teat  direction)  data,  e.g.  662  »  353  MPa,  1112  - 
330MPa,  2332  -  325  MPa. 

All  8090  data  previously  presented  is  for  conventional  coil  rolled  (CR)  sheet,  thermal  cycled 
or  superplastically  formed  under  bade  pressure  and  subsequently  aged  for  24  hours  at  185°C. 
However,  the  ageing  treatment  has  now  been  cheauged  to  32  hours  at  170"C  to  be  consistent  with 
the  current  conventional  8090  sheet  product  heat  treatment  since  there  la  no  adverse  effect  on 
either  the  strength,  or  ductility. 

Material  processing  route  changes  have  also  been  Instigated  by  Alcan  International  to  Improve 
the  alloys  SFF  characteristics ,  designated  here  as  8090  (XR) .  Uniaxial  and  biaxial  SFF  trials 
conducted  on  8090  (XR)  sheet  under  back  pressure  [17]  have  damns trated  its  improved 
formablllty,  lower  flow  stress  and  Improved  as  formed  surface  finish  in  comparison  to  that  for 
8090  (at)  sheet.  The  lower  flow  stress  Is  significant  In  that  a  lower  back  pressure  will  be 
required  to  suppress  the  onset  of  cavitation. 

A3.1  Tensile  Properties 

The  8090  ((30  sheet  has  pronounced  tensile  anisotropy  which  is  not  completely  removed  by  SFF. 
The  result  of  dunging  the  processing  route  significantly  reduces  this  anisotropy,  as  sham  in 
Figure  A9,  [16] .  The  effect  of  quench  rate  cn  tits  tensile  anisotropy  for  8090  (XR)  Is  presented 
in  figure  A10,  [16,  17).  The  low  quench  rate  sensitivity  of  this  alloy  Is  a  major  benefit 
although  It  is  dependant  upon  the  alloy  capper  content,  Figure  All,  [18]  and  material 
thickness.  The  affect  of  superplastic  strain  on  the  tensile  properties  of  3un  and  6mm  8090 
(XR)  sheet  is  present  In  Table  A2.  For  the  3mm  sheet  en  Increase  in  tensile  properties ,  with 
no  loss  In  ductility,  is  observed  with  increased  superplastic  strain  thereas  for  the  6.  On® 
sheet  there  is  a  reduction  in  tensile  properties.  The  lose  In  strength  of  the  thicker  gauge 
being  Indicative  of  It  having  a  slower  cooling  rate  after  forming.  As  only  s  minimal  drop  In 
tensile  properties  occurs  for  sheet  (<6tn)  air  cooled  from  the  forming  press  this  heat 
treatment  practise  is  recotasendad.  This  heat  treatment  practise  eliminates  ths  need  for 
re-solution  treatment  and  possible  distortion  of  thin  complex  shaped  component  on  quenching. 
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A3. 2  Fatixua  Properties 

A  ccupariscn  between  the  fatigue  performance  of  8090  (CR)  and  8090  OCR)  material  under  flight 
by  flight  apectnm  loading  (FALSTAFF)  (171  la  presented  in  table  A3.  The  specimens  had  a 
stress  concentration  factor  <Kt)  of  2.3,  md  were  tested  with  nett  section  stresses  of  25Qfa 
and  320  M’s  at  FALSTAFF  load  level  32.  The  results  Indicate  improved  fatigue  lives  for  8090 
(XR)  coopered  with  8090  (CR)  aaterlal.  The  general  reduction  in  fatigue  properties  observed 
with  siperplaatlc  strain  nay  be  attributed  to  a  reduction  in  static  properties  and/or  a  change 
in  microstructure  with  superplastic  strain. 


A3. 3  Crack  Propagation 

Data  cn  the  fatigue  crack  grtmth  rate  (FCGR)  of  8090  (CR) ,  thermal  cycled  and  atgaerplastically 
formed  using  'back  pressure' ,  [1]  is  presented  in  figure  A12.  The  FOGR  for  the  SPF  8090  (CR) 
sheet  is  slightly  lower  that  that  for  underfotmed  material,  and  much  lower  than  that  previously 
reported  for  the  Supral  alloys  (Figures  IS  and  16),  in  the  latter  case  however  no  'back 
pressure'  was  used  during  the  forming  md  cavitation  was  present. 


A4.  FUngE  MATERIALS 


In  recent  years  materials  research  and  development,  within  the  aerospace  Industry,  in  the  area 
of  metal  matrix  ccnposites  (MC)  has  been  steadily  increasing.  MC's  with  high  specific 
mechanical  properties  and  improved  elevated  tenperarure  performance  offer  further  overall 
comment  weight  reduction.  Potential  applications  in  sheet  form  would  Include  aircraft  skins, 
cockpit  floors  and  general  substructure.  Of  particular  interest  are  particulate  reinforced 
materials  which  can  be  combined  with  Che  SPF  process  to  provide  significant  cost  and  weight 
savings  In  airframe  component  manufacture.  Alunlnlum/Lithius  8090  particulate  reinforced 
(17  v/o  SIC)  sheet  material  has  been  superplsstically  formed,  easier  'back  pressure'  [ 17]  up  to 
strains  of  2301  without  micros  true  tural  cavitation.  An  aircraft  demonstrator  cespenent 
manufactured  from  8090  MC  is  shame  in  Figure  A13. 
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MATERIAL 

0.2%  PS 

MPa 

TENSILE 

STRENGTH 

MPa 

YOUNG’S 

MODULUS 

QPa 

TOTAL 

ELONGATION 

% 

THIN  SHEET 

(PARALLEL  TO  ROLUNG  DIRECTION) 

AS  RECEIVED,  0.46  mm  THICK 

959 

1004 

115 

11 

AFTER  SPF  THERMAL  CYCLE 

896 

994 

123 

12 

AFTER  300%  SPF  EXTENSION  AT  925°C 
AND  ?  =  6  x  10~«  f1 
(0.24  mm  THICK) 

895 

9 60 

119 

4.2 

ROUND  BAR 

(PARALLEL  TO  BAR  AXIS) 

AS  RECEIVED  4  mm  DIA 

918 

1000 

109 

11 

AFTER  300%  SPF  EXTENSION  AT  925°C 
AND  e  =  9  x  10'*  »-* 

(3  mm  DIA) 

895 

930 

121 

5 

a/0  EXTRUSION 

(PARALLEL  TO  EXTRUSION  DIRECTION) 
AS  RECEIVED,  4  mm  DIA 

871 

976 

113 

19 

AFTER  300%  SPF  EXTENSION  AT  925°C 
andl«7x  lO-**'1 
(2.5  mm  DIA) 

877 

962 

121 

4.1 

ELECTRON  BEAM  WELD  IN  3  mm  THICK 
SHEET 

(PARALLEL  TO  WELD  DIRECTION) 

AS  WELDED  AND  MACHINED 
(2.6  mm  THICK) 

906 

1077 

113 

10.5 

AFTER  300%  SPF  EXTENSION  AT  02TC 
AND  1  -  2  x  10  *  10  '  AND  MACHINING 
TO  1  mm  THICK 

633 

614 

113 

1.3 

POST  SPF  TENSILE  PROPERTIES  OF  THM-4V  IN  VARIOUS  PRODUCT  FORMS 


TABLE  A1 


TENSILE  STRENGTH 


CONOmON 

L 

“i 

60 

. 

LT 

L 

SO 

LT 

3,0  mm 

AR-PO-AGE 

490 

446 

4S4 

403 

334 

364 

HC-AC-AGE 

462 

413 

432 

355 

320 

341 

150V  AC- AGE 

488 

432 

453 

366 

325 

330 

200VAC-AGE 

463 

456 

361 

346 

6,0  mm 

AR-PO-AGE 

464 

463 

376 

356 

HC-AC-AGE 

436 

437 

343 

320 

150%-AC-AGE 

419 

415 

310 

309 

200%-AC-AGE 

424 

420 

310  1 

_ 

307 

0.2%  PROOF  STRESS 


NOTE:  AGEING  CARRIED  OUT  FOR  32  HOURS  AT  170  DEG.  C 

MEAN  STATIC  TENSILE  PROPERTIES  FOR  8090  (XR)  [17] 


TABLE  A2: 


8090  (CR) 

6090  (XR) 

250  MPa 

320  MPa 

250  MPa 

320  MPa 

3  mm  MATERIAL 

AR-ST-PQ-AGE 

21.9 

9.1 

HC-AC-AGE 

27.0 

7.4 

31.9 

8.4 

100 VAC-AGE 

14.6 

5.6 

150%-AC-AGE 

200VAC-AGE 

20.0 

3.4 

6  mm  MATERIAL 

AR-ST-PQ-AGE 

- 

- 

>44.3 

10.9 

HC-AC-AGE 

- 

- 

26.0 

8.1 

150V  AC- AGE 

- 

- 

21.0 

6.1 

200%-AC-AGE 

- 

- 

15.4 

33 

NB  VALUES  ARE  GEOMETRIC  MEAN  OF  A  NUMBER 

FATIGUE  LIVES  OF  SOM  (CR)  AND  SOM  (XR)  UNDER  FLIGHT  BY  FLIGHT  SPECTRUM 
LOADING  (FALSTAFF)  (17).  AGED  32h/170°C. 


TABLE  A3: 


NUMBER  OF  VALUES 
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TL6AMV  SHEET  TEST  PIECE  MACHINED  FROM  ROLLED  BAR  AND 
SUPERPLASTIC  ALLY  DEFORMED  TO  273%  ELONGATION  AT  675*0  BONDED 
MICROSTRUCTURE  AT  A  IS  LESS  SUPERPLASTIC. 

FIGURE  Al: 


STATIC  PROPERTY  DISTRIBUTION  SPF  TA59  MATERIAL 


FIGURE  A2: 


1VAI-4V  THIN  SHEET  (0.5  mm)  AFTER  300%  EXTENSION  AT  92S°C. 


FIGURE  A3: 


TENSILE  STRENGTH  (MPa) 


6-.? 


EFFECT  OF  SUPERPLASTIC  STRAIN  AT  925  C  ON  ELEVATED  TEMPERATURE 
TENSILE  AND  0.2%  PROOF  STRESS  OF  TL6AMV  SHEET.  FIGURE  A6: 


EFFECT  OF  SPF  AT  900"C  ON  CREEP  BEHAVIOUR  OF  Tl  6242  AT  537”C  AND  276 
“PB'10]-  FIGURE  A7: 


S/N  CURVE  FOR  R  =  0.05  AND  3  mm  THICK  TL6AMV  SHEET  AFTER  100% 
SUPERPLASTIC  STRAIN  AT  900°C.  ARROW  INDICATES  EFFECT  OF  POST  THERMAL 
CYCLE  RE-HEAT  TREATMENT  [1 1].  -qu 
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0  deg  30  deg  60  deg  90  deg 

TEST  PIECE  ORIENTATION 

N8  HEAT  TREATMENT  -  SOLUTION  TREAT/POLYMER  QUENCH/ AGE  AT  170°C  FOR  32  HOURS 

ROUND  THE  CLOCK  TENSILE  PROPERTIES  FOR  8090  (CR)  AND  8090  (XR)  SHEET 
MATERIAL  (1.6  mm)  [16] 

FIGURE  A9: 


0  deg  30  d«g  60  deg  90  deg 

TEST  PIECE  ORIENTATION 


EFFECT  OF  COOLING  RATE  ON  THE  TENSILE  ANISTROPY  OF  3mm  8090  (XR) 

SHEET  [16, 17].  AGED  32h/170°C 

FIGURE  A10: 


•.«  •.!  I 

QUCNCH  MTC  MO  CM 


EFFECT  OF  QUENCH  RATE  t  AO  Cu  CONTENT  ON  STRENGTH  OF  3  mm  8090 

SHEET.  (AGED  24tl/186°C)  FIGURE  All: 


SUPERPLASTIC  ALLY  FORMED  DEMONSTRATOR  COMPONENT,  8090  SIC 
PARTICULATE  (17%)  SHEET  (MATERIAL  COURTESY  OF  BRITISH  PETROLEUM, 
RESEARCH  CENTRE,  SPF  AT  BA*.  MILITARY  AIRCRAFT  D(V) 


FIGURE  A13: 


D.  Stephen, 

Manager  Airbus  -  Production  Improvements 
(formerly  Chief  Development  Engineer  SPF/DB) , 
British  Aerospace  p.l.c. 
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SUMMARY 

Twenty  years  of  development  have  brought  the  processes  of 
superplastic  forming  and  diffusion  bonding  to  a  state  of 
maturity.  These  processes  provide  the  Project  Designer 
with  the  opportunity  to  design  components  on  new  projects 
which  are  both  cost  and  weight  efficient.  However,  to 
achieve  optimum  performance,  the  designer  needs  to  have 
an  in-depth  understanding  of  the  freedoms  and  limitations 
provided  by  these  processes.  Substantial  evidence  exists 
to  support  the  claim  that  titanium  alloys,  when  processed 
by  the  SPF/DB  route,  can  compete  in  weight  and  more 
particularly  cost,  with  conventional  aluniniun  fabrication. 
This  is  likely  to  be  a  major  factor  in  the  future 
exploitation  of  these  processes  and  clearly  requires  a 
revision  to  the  designers  traditional  views  of  the  areas 
of  application  for  titanium  alloys.  The  more  recent 
developments  in  the  processing  of  high  strength 
superplastic  aluminiun  alloys  will  clearly  add  to  the 
further  use  of  the  super plastic  forming  process  on  future 
aerospace  products,  but  the  development  of  a  combined 
SPF/DB  process  for  aluminiun  alloys,  with  the  full  range 
of  capabilities  provided  currently  by  titanium  alloys, 
remains  to  be  established. 


1.0  INTRODUCTION 

My  colleagues  in  this  lecture  series  have  dealt  with  the  metallurgical  and  property  aspects  of 
superplasticity  and  diffusion  bonding  and  clearly  these  are  key  aspects  in  the  design  of 
3uperplasticaliy  formed  (SPF)  and  diffusion  bonded  (DB)  components. 

This  paper  expands  the  design  theme  by  reviewing  the  current  status  of  the  processes  of  SPF  and  DB  with 
respect  to  their  maturity  as  design/production  processes  and  attempts  to  identify  the  specific  design 
flexibilities  and  limitations  which  these  processes  provide. 

For  ultimate  success,  these  processes  need  to  achieve  a  status  of  being  accept© 1  by  the  Project  Designer 
as  providing  efficient  and  reliable  production  components  from  both  a  structural  and  cost  point  of  view 
and  which  can  be  produced  in  a  timescale  which  is  compatible  with  that  for  the  project  as  a  whole. 

In  advocating  these  processes  to  designers,  supporting  evidence  can  be  drawn  from  a  wide  variety  of 
component  types  and  configurations  which  have  to  date  been  explored  by  most  of  the  world's  aerospace 
companies .  It  is  recognised  however,  that  these  components  have  in  the  main  beon  the  subject  of  extensive 
and  protracted  development  programmes  based  upon  replacement  of  existing  conventionally  manufactured 
components  and  therefore  have  not  been  subject  to  the  rigours  of  project  timescales  and  progranmes . 

Nevertheless,  these  projects  demonstrate  suitable  areas  for  the  application  of  these  technologies  and 
provide  a  generic  basis  for  the  selection  of  appropriate  components. 

Ab-initio  applications  are  new  beginning  to  be  applied  on  new  projects  and  this  is  a  certain  indication 
of  the  achievement  of  maturity  in  the  evolution  of  these  processes. 

Timescales  for  the  development  of  simple  components  -  in  particular  SPF  -  ;.re  relatively  short,  but  for  the 
more  complex  SPF/DB  components,  the  timescale  can  be  more  protracted.  This  is  due  in  the  main  to  a 
current  need  to  conduct  an  interactive  design/manufacturing  "trial  and  error"  process  to  establish  an 
optimum  design  and  associated  process  route.  The  need  for  this  pre-production  development  would  be 
greatly  reduced  with  the  development  of  a  Computer  Aided  Design  (CAD)  finite  element  analysis  system.  This 
would  provide  the  designer  with  the  capability  of  simulating  the  SPF  process  thereby  providing  him  with 
a  means  of  optimising  the  component  design.  Such  analysis  facilities  would  also  provide  a  Computer  Aided 
Manufacturing  (CAM)  system  which  will  output  the  required  pressure/ time  history  for  the  respective 
component  manufacture. 

Because  of  their  nature,  it  is  the  Authors  view,  that  the  design  engineer  needs  to  understand  the  details 
of  these  processes  to  a  far  greater  degree  than  for  most  conventional  manufacturing  processes  if  he  is  to 
achieve  his  desired  design  objectives  and  more  particularly  in  his  selection  of  appropriate  components. 
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A  tradition  has  grown  up  over  the  years  which  limits  the  use  of  titanium  to  - 

a)  areas  which  demand  its  high  temperature  strength. 

b)  highly  loaded,  fatigue  sensitive  fittings. 

This  situation  has  arisen  due,  in  the  mein,  to  the  attendant  high  coat  of  material  and  associated 
conventional  manufacture  of  titanium.  Designers  need  to  be  reminded  that  the  specific  properties  of 
titanium  and  its  corrosion  and  fatigue  resistance  make  it  an  attractive  structural  material  even  for  roam 
temperature  use.  With  the  development  of  the  combined  processes  of  SPF/DB  and  their  cost  saving  potential, 
there  is  now  a  growing  body  of  evidence  that  titanium  can  compete  with  aluminium  fabricated  components  in 
both  cost  and  weight.  In  the  light  of  this  evidence,  designers  therefore  need  to  review  their  traditional 
views  of  this  material. 

High  strength  SPF  aluminium  alloys  are  now  becoming  available,  and  clearly  these  materials  will  find  an 
Increasing  use  in  the  manufacture  of  complex  formed  parts.  Such  parts  are  moet  likely  to  be  associated 
with  military  and  small  civil  aircraft,  helicopters,  and  pylon/englne  cowlings  on  larger  civil  and  military 
transport  aircraft,  these  being  traditionally  associated  with  areas  posing  extreme  forming  problems.  D6 
of  aluminium,  currently  does  not  provide  the  properties  or  ease  of  manufacture  associated  with  titanium, 
but  the  flexibilities  in  design  and  the  cost  reduction  potential  provided  by  concurrent  SPF/DB  of  high 
strength  aluminium  alloys  remains  a  tantalising  prospect  for  continued  development. 

Finally,  although  the  main  aerospace  structural  materials  are  aluminium  and  titanium,  It  should  be  noted 
by  designers  that  a  limited  number  of  high  temperatiure  nickel  alloys  also  exhibit  super-plastic 
characteristics.  These  together  with  the  main  aluminium  and  titanium  SPF  alloys  are  presented  for 
reference  in  Table  1. 

2.0  BACKGROUND 

2.1  The  Beginning 

The  major  stlmuiluis  to  the  development  of  SPF  and  SPF/DB  In  aerospace  component  design  and  manufacture 
was  the  advent  in  the  sixties  of  concepts  for  sustained  supersonic  cruise  aircraft  with  Mach.  Nos 
greater  than  2.0.  (Concorde,  B1  and  SST) .  These  aircraft,  with  their  high  structural  temperatures, 
demanded  Increased  use  of  titanium  In  their  primary  structure.  In  recognition  of  this  Increasing 
demand,  coupled  also  with  the  high  cost  of  conventional  manufacture  of  titanium  structure,  the 
Aerospace  Companies  who  were  primarily  involved  with  the  major  supersonic  cruise  projects  at  that 
time  -  British  Aircraft  Corporation  (Concorde),  North  American  Rockwell  (B1  -  initiated  prograiumes 
of  manufacturing  development  which  had  aa  a  primary  objective  the  establishment  of  new  uuuanufacturirg 
methods  vihich  would  reduce  the  cost  of  manufacturing  titanium  components. 

The  characterisation  of  titanium  alloys  as  superplastic  materials  by  Backofen  (1)  In  1965  was  timely 
and  lead  directly  to  the  development  and  exploration  of  titanium  surperplastic  forming  as  a 
potentially  coat  effective  uuanuifacturing  technique . 

Diffusion  bonding  had  been  used  as  a  method  of  joining  frem  ancient  times  and  In  the  aerospace 
industry  had  been  exploited  for  a  considerable  number  of  years  in  the  cladding  of  materials  for 
corrosion  protection.  DB  as  a  manufacturing  process  In  its  own  right  was  therefore  being  explored 
in  the  sixties  as  part  of  the  new  manufactuuring  development  effort  for  lew  cost  titanium  component 
manufacture .  By  the  early  seventies  the  combined  processes  of  SPF/DB  for  titanium  structures  had 
been  established  by  British  Aircraft  Corporation  and  North  American  Rockwell  (2M5). 

Super-plasticity  had  of  course  been  recognised  and  demonstrated  by  metallurgists  for  a  considerable 
number  of  years  prior  to  the  sixties,  but  these  demonstrations  were  mainly  associated  with 
materials  and  alloys  which  were  of  little  interest  in  aerospace  structural  design.  Seme  aluminium 
alloy  developments  were  however  carried  out  in  the  sixties  by  the  then  British  Aluminium  Co. 

(BACO)  which  were  the  forerunner  of  the  present  day  Superal  100  and  150.  These  alloys  were 
initially  formed  by  the  then  British  Aircraft  Corporation,  but  because  of  their  relatively  lew 
strength,  only  limited  development  was  undertaken  at  that  time,  preference  being  given  to  the 
development  of  SPF  and  SPF/DB  of  titanium. 

2.2  Development  Phase 

The  decade  from  the  early  seventies  to  the  early  eighties  )aa  been  one  in  which  the  SPF  and  SPF/DB 
processes  have  developed  from  the  small  laboratory  scale  basic  process  demonstrations,  to  full  size 
component  deal#!,  manufacture,  structural  and  flight  testing.  This  decade  has  also  seen  the  spread 
of  the  technology  to  all  of  the  worlds  major  aerospace  companies. 

The  largest  prograemes  of  development  have  been  conducted  In  the  USA  Involving  substantial 
government  funding  which  was  reported  in  1984  (R6)  a a  being  in  excess  of  £23a.  These  programmes 
have  involved  most  of  the  US  major  aerospace  companies.  Parallel  developments  have  also  taken 
place  in  the  UK  since  the  late  sixties  In  particular  involving  British  Aerospace  (titanium  end 
aluminium)  and  Superform  (aluminium) .  Government  sponsorship  for  this  activity  in  British 
Aerospace  has  also  been  provided  in  the  UK.  More  recently  work  has  also  been  reported  from 
Germany,  France  and  Japan  (7)-(10).  Although  not  Intended  to  be  an  exhaustive  list,  Tables  2  and  3 
provide  s  summary  of  the  moat  significant  development  components  associated  with  these  programmes  and 
which  are  reported  in  the  literature.  Ccmments  are  also  made  In  Tables  2  and  3  with  respect  to 
salient  structural  or  design  information  associated  with  each  component. 


The  primary  objectives  of  these  programnes  have  been  to  demonstrate  - 

a)  the  cost  and  weight  advantage  provided  by  SPF  and  SPF/DB. 

b)  the  practicability  of  SPF/DB  in  the  manufacture  and  design  of  full  si2e  components. 

These  programnes  show  a  consistency  in  their  conclusions  and  indicate  positive  results  with  respect 
to  their  objectives.  A  summary  of  the  advantages  derived  from  these  programnes  and  which  now  seem 
to  have  a  universal  acceptance  is  given  in  Table  4. 

Apart  from  the  demonstration  of  the  attainment  of  the  objectives,  it  is  of  interest  to  note  from  a 
design  point  of  view  the  wide  range  of  exponent  types  that  have  been  considered  in  these  programnes 
and  the  range  of  loading  and  test  conditions  which  have  been  successfully  applied.  More  particularly, 
however,  it  is  inportant  to  note  the  number  of  components  for  which  titanium  SPF/DB  provides  cost 
and  weight  advantages  over  the  equivalent  component  conventionally  fabricated  in  aluminium.  This 
latter  fact  is  perhaps  the  most  significant  from  the  point  of  view  of  the  level  of  embodiment  of 
SPF/DB  titaniun  that  might  be  anticipated  on  future  aircraft. 

A  further  significant  factor  which  is  in  favour  of  titaniun  SPF/DB  and  one  which  is  gaining  in 
prominence  in  our  increasingly  cost  conscious  environment  is  the  favourable  "cost  of  ownership" 
or  "life  cycle  coot"  which  is  associated  with  the  corrosion  resistance  and -fatigue  qualities  of 
titaniun.  These  claims  are  made  in  particular  in  respect  to  the  replacement  of  aluninlun  honeycomb 
as  in  the  case  of  the  T-38  main  landing  gear  door  developed  by  McDonnell/Douglas .  (7). 

During  this  period  of  major  development  in  titanium  SPF/DB,  work  has  also  been  proceeding  in  more 
recent  years  with  the  development  of  high  strength  SPF  aluninlun  alloys  and  other  high  strength 
alloys  which  are  of  interest  to  the  aerospace  designer  (Ref.  Table  1). 

Cavitation  and  its  effects  on  material  properties  has  been  a  fundamental  problem  inhibiting  the 
successful  exploitation  of  Mgh  strength  aluninlun.  It  is  significant  therefore  that  in  parallel 
with  the  improvement  in  the  strength  of  aluninlun  alloys,  important  work  has  also  been  proceeding 
with  the  development  of  methods  of  cavitation  suppression  to  maintain  the  properties  of  these  alloys 
following  SPF.  The  development  of  these  alloys  and  the  effects  of  cavitation  are  discussed  and 
presented  in  detail  by  Dr.  Grimes  and  Dr.  Ridley  in  their  respective  papers  presented  in  this  series. 
The  results  of  these  developments  have  now  reached  the  stage  that  an  early  exploitation  of  high 
strength  SPF  aluninlun  on  production  aircraft  is  likely  in  the  near  future - 

Whilst  DB  of  aluninlun  has  new  been  demonstrated  to  be  technically  possible, -without  the  need  to 
subject  the  material  to  the  high  strains  which  are  associated  with  the  bonding  achieved  in  the 
already  proven  cladding  process, -the  possibility  of  a  cost  effective  combined  SPF/DB  process  with 
the  full  range  of  structural  possibilities  provided  by  titanium  has  yet  to  be  demonstrated . 

Distortion  free  heat  treatment  for  property  recovery,  and  corroaion  protection  of  such  aluninlun 
structures  will  also  need  to  be  addressed.  Properties  of  aluninlun  DB  although  significantly 
higher  than  conventional  aluninlun  joining  techniques  such  as  riveting  and  adhesive  bonding  have 
yet  to  achieve  the  parent  strength  and  consistency  already  demonstrated  by  titaniun.  These  aspects 
are  addressed  by  Dr.  Partridge  in  his  presentation  in  this  lecture  series. 

In  parallel  with  the  developments  in  materials,  processes  and  demonstrator  components  important 
developments  have  inevitably  taken  place  In  the  associated  manufacturing  equipment  and  technique. 
Early  experimentation  was  conducted  using  primitive  press/heated  platen  system  and  in  many  cases 
using  "hard  back"  bolted  up  tooling  systems.  Today,  however,  purpose  built  heated  platen  presses 
of  a  type  similar  to  that  sham  In  figure  1.  have  become  the  mainstay  of  SPF  and  SPF/DB  manufacture. 

Variations  on  this  basic  theme  have  now  been  produced  in,  for  example,  the  "Shuttle"  platen  press 
developed  by  Aerospatiale,  the  Gantry  press  system  recently  Installed  by  McDonnell/Douglas  and  the 
"C-Frame"  restraint  system  developed  by  Grumman.  Specialised  equipment  has  been  developed  for 
SPF  production,  for  example,  the  patented  press  developed  by  Super form  for  aluminium  the  principles 
of  its  operating  are  presented  in  figure  2,  the  "infra  red"  heating  system  developed  by  McDonnell/ 
Douglas  and  the  "HOT  box"  principles  developed  by  Rockwell,  figure  3.  Techniques  for  "thinning" 
reduction  have  been  developed,  for  example,  the  principles  associated  with  the  Superform  press, 
the  use  of  a  separate  forming  membrane,  figure  4,  and  the  use  of  reduced  friction  tool  coatings. 

The  successful  development  of  such  manufacturing  equipment  and  techniques  are  clearly  a  key  factor 
In  the  maximisation  of  the  cost  benefits  provided  by  these  processes  end  are  a  certain  indication 
of  the  growing  success  of  these  techniques.  In  the  Authors  view  further  generations  of  new  and  more 
efficient  production  systems  are  likely. 

2.3  Production  Phase 

The  period  from  1980  onwards  has  seen  the  increasing  exploitation  of  SPF  in  the  manufacture  of 
production  components  in  both  the  USA  and  UK.  It  has  been  reported  (6),  that  seme  230  titanium 
parts  were  in  production  by  1984  on  F-15,  F-18,  AV8B  and  B1.  In  the  UK  in  1981  4  primary  structural 
SPF  parts  had  been  Introduced  for  the  first  time  onto  a  civil  aircraft  Airbus  A310,  figure  5  end 
12  parts  had  been  introduced  onto  Tornado  by  1983.  SPF/DB  production  parts  have  now  been 
aucceea fully  introduced  onto  B1,  Airbus  A3 10,  A320  and  Tornado. 
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The  Timber  of  SPF/DB  parts  In  production  has  recently  greatly  lncraaaad  as  a  result  of  the 
redeeign  of  the  F15  rear  fuse lags/neca lie  area  to  taka  account  of  the  advantages  offered  by  these 
processes.  Although  the  applications  rsfarancsd  above  have  all  bean  replacements  for  existing 
conventionally  aanuflctured  coaponants,  eb- Initio  applications  have  now  been  Introduced  onto  the 
current  Agile  Fighter  aircraft  in  Europe  -  British  Aerospace  EAP  (keel  aaaber)  and  Marcell 
Dassault  RaTale  Tleadiig  edge  slats).  It  la  of  siffiiflcance  to  note  that  the  Airbus  and  Rafale 
titaniia  SPF/D6  coeponents  are  replacements  for  what  would  traditionally  be  alimlniim  conventionally 
asnufactisvd  equivalents. 

Further  production  components  are  a  likely  possibility  In  the  near  future  based  upon  the 
development  ccapcnents  listed  in  Tables  2  and  3.  The  T-38  undercarriage  door  which  haa  already 
bean  the  subject  of  a  limited  production  run  Is  reported  as  being  a  likely  candidate  for  further 
production  -  .gain  this  represents  titsniim  SPF/DB  replacing  conventionally  aanufactured  alminium. 
Although  not  eaploying  SPF,  it  is  nevertheless  highly  significant  from  the  point  of  view  of 
confidence  In  the  ability  of  these  processes  to  produce  production  cooponents  to  meet  the  widest 
range  of  demanding  conditions,  that  Rolls  Royce  have  introduced  DB  into  the  oanufacture  of  their 
wide  chord  fan  blade  for  their  RB211-535E4  engine.  Further  developments  of  the  application  of 
titaniim  SPF/DB  to  engine  components  (blades  in  particular)  is  now  being  actively  pursued  (11) 
and  represents  an  area  of  application  with  huge  production  potential. 

Production  of  a  range  of  SPF  parts  by  Superform  in  Supral  100  and  ISO  has  taken  place  over  a  number 
of  years  (12)  and  it  is  anticipated  that  the  advent  of  high  strength  aluninium  alloys  will  greatly 
Increase  the  nimber  of  production  SPF  components  in  the  near  future. 

In  conclusion  therefore  the  pioneers  of  these  processes  can  be  satisfied  that  within  two  decades, 
which  is  the  normal  gestation  period  for  a  new  aerospace  technology,  a  range  of  production 
components  are  now  being  successfully  produced  which  exploit  SPF  and  SPF/DB,  and  that  there  is 
every  indication  that  these  technologies  will  continue  to  grow  in  significance.  It  is  interesting 
to  speculate  however  that  full  scale  production  could  have  been  a  realistic  possibility  some  ten 
years  earlier  but  for  the  fortunes  of  projects  such  as  B1  and  Concorde  which  gave  the  Initial 
Impetus  to  these  developments. 

3.0  SUPERPLASTIC  FORMING  (SPF) 

Superplastic  sheet  formiig  has  been  described  by  Dr.  Hamilton  in  his  earlier  paper  In  this  lecture  series 
and  Is  a  manufacturing  process  which  utilises  the  characteristics  of  SP  materials  to  undergo  elongations 
of  several  hundred  percent  without  necking  or  local  failure.  The  process  Is  associated  with  temperatures 
in  the  region  of  half  melting  point  and  Is  sensitive  to  strain  rate,  figure  6.  At  the  optimal  forming 
temperature  and  straining  conditions,  rates  equivalent  to  seme  100%  strain  in  one  hour  are  typical, 
therefore,  for  complex  shapes  with  fine  detail  and  small  radii  the  total  forming  time  can  be  several  hours. 

Superplasticity,  its  mechanisms  and  characteristics  are  fully  described  by  my  colleagues  and  the 
characteristic  relationships  of  flew  stress,  strain  rate  and  'm*  values  as  illustrated  in  figure  7  have 
by  now  become  very  familiar. 

The  process  route  which  exploits  these  characteristics  Is  shown  in  figure  8.  and  as  can  be  seen  this 
involves  primarily  the  Inducement  of  a  membrane  stress  in  the  material  being  formed  by  applying  a  gas 
pressure,  whilst  maintaining  the  forming  material  at  the  appropriate  superplaatic  temperature.  This 
basic  process  applies  to  all  materials  but  with  certain  detail  differences  for  particular  materials. 

For  example,  because  of  the  high  temperatures  associated  with  titaniim  forming  and  the  reactivity  of 
this  material  at  this  temperature,  it  is  necessary  to  use  high  purity  argon  gas  in  the  forming  of  this 
material. 

In  the  case  of  alunlnium  alloys,  although  reactivity  can  be  discounted,  cavitation,  as  has  been 
previously  described,  is  an  attendant  undesirable  feature  of  aliminium  forming.  This  problem  can 
however  be  suppressed  by  forming  with  a  high  ambient  background  pressure  onto  which  the  forming  pressures 
are  superimposed. 

Under  the  action  of  the  local  induced  stresses  the  material  achieves  a  local  strain  rate  which  is 
governed  by  the  material  characteristics  shown  in  figure  7.  As  these  local  stresses  are  a  function  of 
local  thickneaaes  and  curvatures,  both  of  which  vary  during  the  transformation  from  the  initial  blank 
to  the  finished  formed  component,  it  follows  therefore  that  to  maintain  the  optimum  forming  conditions 
throughout,  it  la  necessary  to  apply  a  variable  pressure  time  history  which  is  unique  to  each  component. 

It  also  follows  that  aa  the  process  of  material  movement  la  a  function  of  local  conditions  it  is  not 
possible  to  drive  all  of  the  material  at  the  maximum  'm'  conditions  using  a  uniform  pressure  system. 

A  compromise  therefore  needs  to  be  reached  if  a  practical  and  simple  forming  process  is  to  be  arrived 
at.  Thla  usually  means  driving  the  fastest  forming  element  at  the  optimum  'm'  with  all  other  elements 
of  the  component  forming  at  the  lower  local  rate  that  results  from  the  pressures  applied. 

Relative  to  conventional  forming  processes,  the  strain  limits  associated  with  SFF  are  one  to  two  orders 
greater.  This  is  illustrated  in  figure  9.  which  shows  the  unique  relationship  of  elongation  to  failure 
as  a  function  of  'a'. 

Superplasticity  is  usually  defined  as  having  an  'm'  value  greater  than  0.2$,  but  this  is  however  low  by 
comparison  with  the  normal  range  of  0.5-0. 8  that  would  be  associated  with  materials  of  Interest  to  the 
aerospace  designer.  In  most  applications  of  SPF,  the  strain  limits  do  not  usually  exceed  a  level  much 
greater  than  300%.  Hence  aa  can  be  seen  from  figure  9,  even  at  a  relatively  low  'm'  value  of  0.5  the 
material  has  almost  double  thla  strain  capability  before  failure.  These  extreme  strain  capabilities 
and  the  available  margins  lead  to  the  priaary  advantages  associated  with  SPF  which  are  Its  ability  to 
produce  complex  shapes  In  one  operation  which  far  exceeds  that  possible  with  conventional  forming 
processes.  Furthermore,  the  growing  body  of  evidence  from  voluse  production  supports  s  claim  of 
exceptional  accuracy  and  repeatability  for  the  SFF  process. 
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4.0  SPF  DESKM  ASPECTS 

The  primary  design  and  manufacturing  objectives  associated  with  the  selection  of  any  processing  route 
and  associated  material  are  the  achievement  of:- 

a)  —«■<"«»"  structural  efficiency 

b)  elnlui  cost 

c)  a  compromise  baaed  upon  a)  and  b). 

as  has  been  stated  previously,  we  live  In  an  increasingly  cost  conscious  world  and  hence  b)  and  c)  are 
gaining  in  significance  as  primary  design  considerations .  The  generally  accepted  benefits  provided  by 
SPF  In  relation  to  these  objectives  are  presented  in  Table  5  and  within  the  limitations  of  their  respective 
mechanical  properties  these  advantages  are  equally  applicable  to  all  of  the  SPF  materials  which  are 
currently  available  to  the  aerospace  designer. 

We  shall  now  consider  each  of  the  design  objectives  in  turn  and  review  the  extent  to  which  SPF  can 
satisfy  these  objectives. 

4.1  Structural  Efficiency  Weight) 

The  main  structural  efficiency  advantages  provided  by  SPF  can  be  categorised  under  three  headings 
all  of  which  have  as  a  basis  the  superior  shape  making  capabilities  associated  with  the  SPF  process. 

These  three  categories  are:- 

a)  shape  or  form  which  improves  structural  stability  and  therefore  load  carrying  capacity  in 
compression  and  shear  carrying  structure. 

b)  shape  or  form  which  reduces  Joints  thus  saving  weight  penalties  which  would  otherwise  be 
associated  with  overlaps  and  stress  raisers. 

c)  consistent  shape  and  finished  thickness  (including  for  SPF  distribution  of  thickness) 
which  therefore  minimises  variability  in  structural  performances  in  a  given  design. 

4.1.1  Shape  for  Structural  Stability 

Structural  designers  are  aware  of  the  advantages  provided  by  corrugated/swaged  structures  and 
already  exploit  these  advantages  in  existing  designs.  These  applications  are  of  course 
conditioned  by  the  capabilities  and  limitations  of  conventional  manufacturing  technology  to 
produce  cost  effective  shapes.  In  airframe  design,  these  structural  features  are  currently 
exploited  to  a  lesser  degree  than  perhape  is  found  in  space  vehicle  structures  for  which 
corrugation  is  a  common  feature.  This  perhaps  reflects  the  relative  premiums  that  are  acceptable 
for  weight  saving  in  these  respective  areas. 

In  support  of  the  added  structural  advantages  that  can  result  directly  from  the  extended  shape 
making  capabilities  of  SPF,  we  can  draw  upon  data  published  in  the  literature.  This  data  applies 
to  the  three  areas  for  which  such  features  are  of  significance  -  compression  panels,  struts  and 
shear  we  be.  In  all  three  areas  considerable  weight  advantages  are  predicted  and  demonstrated 
for  SPF,  but  it  should  not  be  forgotten  that  In  designing  such  optimum  structures,  failure  under 
load  can  be  sudden  and  is  also  associated  with  a  much  reduced  post  buckling  capability.  Such 
structural  behaviour  may  be  lesa  attractive  to  the  Civil  Airframe  designer  for  whom 
crashworthiness  may  be  an  important  design  consideration.  The  degree  of  optimisation  which  is 
tolerable  in  any  design  must  also  take  into  account  practical  limitations  such  as:- 

a)  degradation  in  performance  due  to  in  service  damage  for  long  life  structures. 

b)  the  need  to  facilitate  the  attachment  and  routing  of  aircraft  systems  and  controls. 

e)  the  limitations  in  consistency  and  control  of  shape  and  thickness  afforded  by  the  manufacturing 
process. 


All  of  these  considerations  can  have  a  significant  effect  on  the  performance  of  structures  which 
are  stability  designed.  The  latter  consideration,  as  it  relates  to  SPF  Is  discussed  in  a  later 
section  of  this  paper. 

a)  Compression  Panels 

The  optimisation  of  ccmpreaaion  panel  structures  which  are  suitable  for  manufacture  by 
conventional  processes  has  been  studied  in  depth  by  Baero  and  Spuit  (13).  Their  analysis 
involves  the  derivation  of  an  efficiency  factor  which  provides  a  basis  for  ranking  the 
various  configurations.  Figure  10  provides  a  swmary  of  this  analysis  and  indicates  the 
maxima  efficiency  escribed  to  each  configuration.  This  demonstrate.)  that  the  familiar 
trapezoidal  corrugated  sheet  represents  the  structural  form  which  exhibits  the  maxima 
efficiency.  Using  this  basic  shape,  Davis  etal  (14)  have  explored  the  possibility  of 
further  improvements  in  structural  efficiency  by  adding  shape  to  the  webs  and  cape.  The 
various  configurations  considered  in  their  analysis  are  presented  in  figure  11  and  the 
resultant  improvements  in  efficiency  are  presented  in  figure  12.  Clearly  such  configurations 
are  only  achievable  by  the  use  of  SIT  and  a  combination  of  SPF  and  DB. 
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The  Author  is  not  aware  however  of  a  practical  application  of  such  a  structural  configuration, 
but  the  theoretical  benefits  predicted  suggests  that  the  manufacture  and  testing  of  such  a 
configuration  is  worthy  of  consideration. 

b)  Compression  Struts 

Because  of  conventional  manufacturing  constraints,  compression  struts  are  in  the  main  usually 
of  a  plain  constant  section  tubular  form  with  in  some  cases  simple  tapers  to  reduce  the  end 
fitting  weight. 

The  substitution  of  an  SP  material  enables  additional  shape  and  hence  improved  performance 
to  be  achieved  by  inflating  the  basic  tube  into  a  tooling  system  (15).  In  addition  to  local 
stability  features,  SPF  also  enables  the  cross  section  of  the  stabilised  tube  to  be  varied  along 
its  length  in  such  a  manner  as  to  improve  Euler  capability.  Such  a  strut  manufactured  in 
titanium  6AL-4V  is  illustrated  in  figure  13  and  the  theoretical  predictions  of  the  improvements 
relative  to  plain  tubes  are  shown  in  figure  14  for  both  aluminium  and  titaniun  alloys. 

As  can  be  seen,  considerable  weight  advantage  can  be  obtained  by  the  exploitation  of  the  SPF 
process  in  the  manufacture  of  optimun  compression  strut  configurations. 

c)  Shear  Webs 


The  use  of  corrugated  shear  web  structure  has  been  explored  in  the  SP  manufacture  of  major 
structural  items  such  as  nacelle  frames  for  the  B1  aircraft  (16)  under  US  Air  Force  Materials 
Laboratory  contracts.  These  exercises  demonstrated  weight  saving  of  between  33  and  40% 
for  the  titanium  SPF  structures  relative  to  their  conventionally  fabricated  titanium  equivalents. 

In  conclusion  therefore  it  is  clear  from  the  previous  three  sections  that  SPF  can  provide 
significant  improvements  in  the  structural  efficiency  of  stability  designed  structure  with  weight 
savings  up  to  40%  being  attainable. 

Figures  15  and  16  provide  details  of  the  location  and  shape  of  an  Airbus  A310  component  which  has 
now  been  in  SPF  production  since  1981.  Ihis  component  is  a  primary  structural  Item  which  is 
stability  designed  -  in  the  event  of  a  crash  with  full  fuel  tanks,  it  is  required  to  withstand 
an  implosive  pressure  of  seme  70  psi  (5  bars).  The  superior  shape  achieved  by  SPF  can  be  contrasted 
with  the  best  shape  achievable  by  conventional  means  which  is  illustrated  in  figure  17. 

This  difference  in  shape  has  lead  directly  to  a  saving  in  weight  of  35%  for  the  SPF  component. 

This  component  is  believed  to  be  the  first  primary  structural  SPF  application  on  a  civil  aircraft. 

The  Airbus  A310  fleet  time  at  the  beginning  of  1987  had  achieved  in  excesa  of  400,000  hours  with 
the  lead  aircraft  having  achieved  10,000.  No  adverse  experience  has  to  date  been  reported  for 
these  particular  components. 


4.1.2  Shape  to  Seduce  Joints 

Because  of  the  limitations  of  conventional  processes  to  achieve  certain  shapes,  it  is  frequently 
necessary  to  manufacture  components  from  a  number  of  separately  formed  parts  which  are  then 
subsequently  joined  by  conventional  means  (welding,  riveting). 

Because  of  the  property  reductions  associated  with  Joints  and  the  need  to  provide  overlaps  to 
create  such  joints  there  is  inevitably  an  associated  welgit  penalty.  The  vastly  improved 
formability  of  SPF  material  enables  many  of  these  Joints  to  be  eliminated  and  hence  a  weight 
saving  can  result.  Figure  18.  provides  a  simple  demonstration  of  the  use  of  this  principle 
applied  in  practice.  The  component  shewn  represents  a  Concorde  panel  located  in  the  engine  bay 
doors  manufactured  by  conventional  processing  and  by  SPF.  The  elimination  of  joints  which  was 
facilitated  by  SPF  of  tltanivmi  resulted  in  a  weight  saving  of  20%.  Northrop  Corporation  report  (17) 
the  exploitation  of  this  principle  in  the  redesign  and  manufacture  of  the  ejector  valve  bracket 
illustrated  in  figure  19.  Thia  demonstrates  very  well  the  need  for  the  designer  to  have  a 
detailed  awareness  of  added  flexibilities  provided  by  the  SPF  process  if  he  is  to  achieve  and 
exploit  its  benefits  to  the  full. 

4.1.3  Consistency  of  Shape  and  Thickness 

In  the  optimisation  of  his  structural  design,  the  designer  needs  to  make  allowances  for  the 
variability  In  structural  performance  which  will  arise  due  to  the  dimensional  limits  which  are 
achieved  by  the  manufacturing  route  which  is  adopted. 

For  SPF,  a  considerable  volume  of  evidence  is  new  becoming  available  from  components  which  are  in 
full  scale  production.  Thia  evidence  supports  the  claim  of  exceptional  consistency  and  accuracy  for 
these  processes.  In  the  Authors  experience  and  based  upon  the  manufacture  of  the  Airbus  components 
illustrated  in  figures  (15)  and  (20),  for  which  seme  700  and  2000  components  hid  been  produced 
respectively  by  early  1987,  a  tolerance  of  +0.010"  is  achievable  on  a  2  ft  dimenaion.  The  tolerance 
limits  quoted  above  represents  +  two  standard  deviations  derived  frem  measured  dimensions  taken 
frem  these  components.  In  addition ,  an  analysis  of  thickness  measurements  taken  at  a  significant 
number  of  points  on  these  components  indicates  that  formed  thicknesses  are  consistent  with  the 
basic  starting  sheet  tolerances  (for  titanium  +  .004")  and  although  SPF  gives  rise  to  thickness 
variations  across  the  compcnent-whlch  are  primarily  a  function  of  its  shape-thickness  at  corresponding 
points  on  components  can  be  maintained  to  within  the  tolerances  stated  above. 
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In  conclusion,  therefore,  and  based  upon  evidence  from  significant  production  runs,  the  structural 
performance  of  SPF  components  should  be  subject  to  low  variability  from  the  shape  and  thickness  achie  ?d 
after  forming.  This  together  with  the  versatile  shape  making  capability  of  SPF,  make  this  process 
attractive  for  the  manufacture  of  optimun  stability  designed  structure. 

4.2  Design  Aspects  in  Relation  to  Cost 

Table  5  provides  a  suanary  of  the  potential  cost  benefits  associated  with  SPF  in  relation  to  the  basic 
characteristics  of  the  process.  It  is  of  interest  to  note  that  there  is  a  potential  cost  benefit 
associated  with  each  of  these  characteristics.  We  shall  now  expand  these  suanary  statements  with 
a  view  to  highlighting  the  designers  role  in  the  maximisation  of  the  cost  benefits  associated  with  his 
-'election  and  design  of  an  SPF  component. 

4.2.1  Forming  Capability  in  Excess  of  Conventional  Forming 

The  components  illustrated  in  figure  18  and  19  provide  simple  and  effective  examples  of  the  use  of  the 
superior  formability  of  SP  materials.  The  reduction  in  the  "parts  count"  achieved  in  the  design  and 
manufacture  of  the  SPF  components  has  obvious  cost  advantages  as  well  as  the  weight  advantages 
previously  referred  to. 

In  designing  such  components,  it  must  be  remembered  that,  although  SPF  can  achieve  extremely  fine 
formed  details,  the  process  is  strain  rate  sensitive  and  consequently,  the  designer  should  incorporate 
the  maximun  corner  radii  possible,  consistent  with  the  design  requirements  for  the  particular  component 
under  consideration. 

Figure  22  illustrates  the  effect  on  forming  time  and  corner  thickness  of  various  comer  radii. 

These  effects  are  defined  relative  to  a  radius  of  0.5".  As  can  be  seen,  the  time  and  hence  the  cost 
penalties  which  can  result  from  the  requirement  for  small  corner  radii  can  be  considerable.  A 
further  cost  consideration  arises  from  the  reduction  in  thickness  associated  with  comer  radii. 

This  relates  to  the  fact  that  as  such  areas  can  be  critical  frcm  the  point  of  view  of  structural 
integrity,  a  minimun  thickness  will  be  required  in  a  given  design.  This  in  turn  will  dictate  the 
initial  sheet  thickness  required  for  the  manufacture  of  the  component  and  or  the  need  for  selective 
reinforcement  of  the  blank  prior  to  forming  both  of  which  have  cost  implications  which  can  be 
influenced  by  the  design. 

4.2.2  "One  Shot"  Process 

In  conventional  forming,  it  is  frequently  necessary  to  carry  out  a  number  of  separate  pressing 
operations  to  achieve  a  desired  shape.  These  are  usually  proceeded  by  intermediate  heat  treatment 
stages  which  can  lead  to  a  protracted  forming  operation.  In  addition  to  the  time  involved  in  these 
operations  such  a  manufacturing  route  can  also  require  the  provision  and  use  of  a  number  of 
intermediate  tools.  The  cost  implications  of  both  of  these  factors  relative  to  a  "one  shot"  process, 
(all  be  it  a  strain  rate  sensitive  process)  are  obvious. 

As  discussed  in  the  previous  section,  the  duration  of  the  single  SPF  operation  is  related  directly 
to  the  detail  requirements  of  the  particular  design.  The  exploitation  of  the  single  SPF  operation 
is  a  significant  factor  in  the  cost  saving  of  35%  achieved  in  the  manufacture  of  the  component 
illustrated  in  figure  16.  The  conventionally  manufactured  equivalent  illustrated  in  figure  17 
required  some  eight  passes  with  intermediate  heat  treatment.  Even  with  this  protracted  process, 
the  final  shape  failed  to  achieve  the  same  structural  definition  as  is  possible  with  SPF.  Clearly 
in  designing  the  SPF  equivalent  for  this  component,  the  designer  compromised  some  of  the  cost 
saving  potential  to  achieve  a  reduction  in  weight,  by  demanding  a  more  severe  shape  in  the  SPF 
component  than  was  achievable  in  the  conventionally  manufactured  equivalent. 

4.2.3  Accuracy  and  Repeatability 

The  cost  implications  for  these  particular  attributes  of  the  SPF  process  are  a  potential  to  reduce 
assembly  and  fitting  times.  In  addition,  they  provide  the  designer  with  the  choice  of  a  formed 
part  which  could  provide  accuracies  which  are  akin  to  a  machined  alternative. 

4.2.4  Simple  Cavity  Tooling 

Whilst  the  primary  cost  advantages  of  such  a  feature  is  more  directly  associated  with  the  reduced 
cost  of  the  tooling  required  (relative  for  example  to  matched  tooling),  the  designer  can  exploit 
this  feature  of  SPF  by  blcwing  a  complete  envelope  frcm  a  simple  blank  or  preform,  rather  than 
producing  separate  half  pressings  which  are  subsequently  joined.  This  method  was  adopted  for  the 
SPF  manufacture  of  the  component  illustrated  in  figure  16.  Apart  from  the  reduced  forming  time 
associated  with  this  technique,  accurate  control  was  also  maintained  for  the  envelope  cross  section 
which  In  turn  had  a  beneficial  cost  effect  on  the  fitting  of  the  mounting  flange  which  was  attached 
to  the  component  by  welding  after  forming. 

Although  re-entrant  features  can  be  formed  in  an  SPF  component,  such  features  should  be  avoided  by 
the  designer  because  of  the  added  complication  required  in  the  design  of  the  tools  to  facilitate 
withdrawal  of  the  component .  This  added  complication  obviously  increases  the  cost  of  manufacture 
of  the  tools.  A  further  undesirable  feature  of  the  re-entrants  is  an  adverse  effect  on  material 
thinning  which  further  reinforces  the  need  to  avoid  such  features  in  conponent  design. 
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To  facilitate  the  removal  of  a  component  from  an  SEF  tool,  parallel  sections  should  be  avoided  in 
the  component  design  and  drawn  angles  of  between  3°  and  5°  should  be  provided  wherever  possible. 

4.2.5  Negligible_Tool_Hear 


Although  not  a  fundamental  aspect  that  needs  to  be  taken  into  consideration  by  the  designer  in  the 
derivation  of  his  component  design,  the  fact  that  SPF  is  associated  with  negligible  tool  wear  is  a 
significant  cost  factor  in  support  of  the  SPF  process.  Practical  evidence  in  support  of  this  claim 
is  increasingly  becoming  available.  In  the  case  of  the  component  shown  in  figure  16.  seme  300 
components  have  now  been  produced  in  one  tool  without  degradation.  The  dimensional  accuracies 
achieved  in  the  manufacture  of  this  component  and  reported  in  an  earlier  section  of  this  paper  is 
evidence  of  the  tooling  stability  which  is  currently  being  achieved. 

4.2.6  Process  Times  Independent  of  Size  or  Number 

SPF  is  a  strain  rate  sensitive  process  and  therefore  the  process  time  associated  with  the  forming 
of  a  component  is  primarily  a  function  of  the  maximun  strain  (or  alniimm  thickness)  that  is 
experienced  in  the  forming,  the  processing  time  is  to  a  first  order  independent  of  the  relative 
sizes  of  the  components  or  alternatively  the  nwnber  of  the  same  size  components  which  are  processed 
at  the  same  time. 

Different  components  can  be  grouped  together  and  formed  in  a  composite  tool  thus  maximising  the  use 
of  the  available  heated  platen  area  and  minimising  the  cost  of  forming.  As  each  different 
component  has  its  own  unique  forming  cycle  which  is  specifically  designed  to  achieve  optimum 
conditions,  it  will  be  necessary  for  the  designer  to  compromise  on  these  individual  optimum  cycles 
to  achieve  a  ccenon  cycle  which  can  be  applied  to  the  group  of  components.  The  implications  of 
applying  such  a  cycle  will  be  more  adverse  thinning  on  certain  components  but  this  effect  can  be 
minimised  by  the  grouping  together  of  components  which  have  similar  optimua  cycles. 

In  conclusion  therefore  it  is  clear  that  there  are  a  considerable  number  of  cost  factors  which  need  to  be 
addressed  by  the  designer  and  which  require  an  in  depth  understanding  of  the  basic  process  details. 

4.3  Thinning 

The  essential  driving  mechanism  of  SPF  is  the  Inducement  of  a  flow  stress  in  the  sheet  material  by 
means  of  a  gas  pressure,  as  illustrated  in  figure  8.  In  the  majority  of  components,  the  stress 
levels  are  rarely  uniform  due  to  local  curvatures  of  the  forming  sheet,  edge  constraints  and 
friction  associated  with  local  tool  contacts.  This  variability  in  stress  produces  variable  forming 
rates  across  the  component  and  therefore  results  in  variable  thicknesses  in  the  finished  component. 

For  a  given  component ,  and  controlled  processing  cone' '  tions  and  using  material  with  similar  SP 
characteristics,  the  thickness  variations  in  finished  components  are  repeatable  and  predictable  to 
within  close  tolerance  as  discussed  previously. 

From  a  design  point  of  view  and  if  required,  the  thinning  effect  can  be  compensated  for  by:- 

a)  the  use  of  variable  thickness  starting  blanks  (figure  25). 

b)  male/female  forming  (figure  26). 

c)  preforming  (figure  2,  figure  24) 

d)  selective  reinforcement  (use  of  DB). 

e)  the  use  of  reduced  friction  coatings. 

Adjustments  to  thicknesses  on  the  finished  components  can  also  be  made  by  varying  the  process 
conditions.  This  effect  is  illustrated  in  figure  27  which  shows  the  result  of  processing  at 
different  'm'  values  on  the  thickness  distribution  in  a  blown  hemisphere,  which  is  the  basis  of  all 
SPF  component  manufacture,  ’m'  values  are  a  function  of  temperature  as  illustrated  in  figure  25, 
but  apart  from  using  temperature  as  a  possible  means  of  thickness  control,  this  fact  emphasizes 
the  need  to  control  and  maintain  uniform  or  consistent  temperatures  in  the  manufacture  of  a 
component  if  the  quality  of  the  finished  component  is  to  be  preserved.  Consistency  in  material  SP 
quality  Is  also  an  important  factor  in  maintaining  consistency  in  the  finished  component.  Usually 
the  material  is  qualified  on  the  beais  of  micro-structure  with  a  follow  up  forming  test  for 
material  for  which  the  micro  structure  examination  is  inconclusive.  This  procedure  has  been 
adopted  by  British  Aerospace  and  has  proved  successful  for  several  thousand  production  parts  which 
have  been  produced  to  date.  With  the  increasing  application  of  SPF  components  it  seems  essential 
that  a  specification  should  be  drewn  up  which  defines  the  quality  standards  required  by  the 
manufacture  in  the  material  supply. 

4.4  ttallty  Assurance 

Apert  frem  the  basic  SP  material  quality  aspects  discussed  in  the  previous  section,  there  are  in 
the  Authors  view,  no  fundamentally  new  quality  assurance  aspects  which  need  to  be  addressed  for  the 
SPF  production  of  titanium  parts.  In  the  case  of  alusinlun  SPF  components,  reliability  and 
consistency  of  cavitation  suppression  technique  will  need  to  be  addressed. 
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Although  thickness  variations  in  SPF  components  are  an  inherent  feature  of  this  process, 
production  experience  has  shewn  that  the  consistency  in  thickness  distribution  between 
components  is  such  that  thickness  measurements  can  in  practice  be  limited  to  a  small  number  of  key 
monitoring  points. 

4.5  Application  of  SPF 

A  number  of  examples  of  the  successful  application  of  SPF  have  been  sited  in  the  earlier  sections 
of  this  document.  These  represent  generic  types  of  application  and  in  summary  these  are  - 

Stability  designed  structures 

.  ribs 
.  frames 
.  beams 

.  compression  struts 
Complex  multi  element  sheet  components 
.  panels 

.  mounting  brackets  and  supports 

Complex  envelopes 

.  ducting 
.  tanks 
.  vessels 

Decorative  panels  and  furnishings 

It  is  considered  appropriate  at  this  juncture  to  re-emphasize  the  need  for  the  designer  to  establish 
an  SPF  design  which  makes  full  use  of  the  process  capabilities,  if  the  advantage  in  cost  and  weight 
afforded  by  these  processes  are  to  be  realised.  Although  the  Author  is  not  aware  at  this  point 
in  time,  of  a  component  which  solely  employs  SPF  of  titanium  as  a  replacement  for  the  conventional 
manufacture  of  an  aluminium  component,  this  possibility  should  not  be  ruled  out  by  the  designer. 

5.0  Diffusion  Bonding 

DB  has  been  exploited  as  a  method  of  joining  frem  ancient  times  but  in  aerospace  manufacture  its  earliest 
use  was  associated  with  cladding  of  materials  for  corrosion  protection.  This  process  is  generally  carried 
out  in  cold/high  pressure  conditions  associated  with  heavy  rolling  and  also  involves  significant 
straining/deformation  of  the  materials  to  be  bonded. 

By  contrast  the  latest  development  in  the  DB  process  are  associated  with  high  temperatures  and  relatively 
lew  pressure  with  low  or  negligible  strains. 

Two  categories  of  DB  are  recognised:-  These  are  "solid  state"  or  "liquid  phase".  From  a  practical 
point  of  view,  the  primary  advantages  of  liquid  phase  relative  to  solid  state  bonding  is  the  reduced 
pressures  and  times  associated  with  liquid  phase  bonding. 

5.1  Theoretical  Predictions 


The  early  empirically  derived  processing  conditions  for  DB,  have  now  been  supported  by  the 
establishment  of  a  number  of  theoretical  models  of  the  process  (18) -(23).  These  models  vary  in 
their  assumptions  but  in  all  cases  demonstrate  the  dominance  of  surface  topography  in  the 
determination  of  the  processing  conditions  required  to  achieve  a  bond. 

For  solid  state  bonding,  the  models  consider  surface  diffuaional  mechanisms  for  areas  of  intimate 
contact,  proceeded  by  deformation  mechanisms  such  as  power  law  creep  and  plastic  yielding. 

Work  has  also  been  done  on  the  modelling  of  liquid  phase  bonding  when  using  lew  melting  point 
interlayer  between  the  bond  faces  (22).  The  primary  advantage  of  the  interlayer  is  its  ability 
to  "wet"  the  bond  surfaces  and  effect  "erosion"  type  mechanisms  coupled  with  rapid  transport  within 
the  liquid.  This  model  confirms  the  practical  experience  of  reduced  pressures  and  times  to  effect 
a  liquid  phase  bond. 

5.2  Process  Conditions 


The  main  processing  variables  associated  with  DB  are:- 

-  Temperature 

-  Pressure 

-  Time 

5.2.1  Temperature 


All  of  the  mechanisms  associated  with  DB  -  diffusion,  creep,  plastic  yielding  etc.  are  assisted  by 
carrying  out  the  DB  processing  at  high  temperature. 
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In  a  practical  situation,  it  is  usual  to  maintain  the  temperature  of  the  process  constant  and 
uniform  and  as  high  as  possible  subject  only  to  material  considerations,  such  as  alloy  chase 
transformation  temperatures ,  and  liquid  phase  temperatures.  By  maintaining  the  temperature  as  high 
as  possible  the  time  to  effect  a  bond  is  minimised  for  any  given  bond  pressure  and  surface  condition. 

5 -2.2  Pressure 

Because  of  the  creep  and  plastic  yield  mechanisms,  pressure  is  an  important  process  parameter. 

Clearly  the  higher  the  pressure  that  can  be  exerted  at  a  given  temperature  the  lower  the  time  to 
effect  a  bond.  The  level  of  pressure  employed  however,  is  usually  a  compromise  between  the  economic 
considerations  of  time,  capital  equipment,  and  tooling  material,  the  latter  being  a  particular 
consideration  for  the  high  temoerature  conditions  associated  with  titaniun  DB. 

As  the  "wetting"  effect  associated  with  liquid  phase  DB  brings  the  two  joint  faces  into  direct 
contact  without  the  deformation  required  in  solid  state  bonding,  the  pressures  associated  with  liquid 
phase  bonding  are  reduced. 

5.2.3  Time 

Apart  from  the  obvious  economic  consideration  associated  with  the  time  to  effect  a  good  quality  bond, 
consideration  also  needs  to  be  given  to  time  dependent  metallurgical  phenomena  such  as  grain  growth 
in  the  material  being  bonded  and  the  consequent  reduction  in  mechanical  properties  that  might 
result.  In  addition,  consideration  needs  to  be  given  to  the  effect  of  grain  growth  on  the  SPF 
performance  of  the  base  material  if  the  combined  SPF/DB  process  is  being  used  (24).  In  general 
however,  these  metallurgical  effects  are  minor  and  enable  processing  times  of  several  hours  to  be 
acconraodated  without  significant  degradation  in  material  properties. 

5.3  Material  Requirements 

The  essential  material  requirements  for  DB  relate  to  conditions  of  the  mating  faces  to  be  joined. 
These  are:- 


1 .  Flatness 

2.  Surface  roughness 

3.  The  absence  of  insoluable  substances  on  or  between  the  faces 

Because  of  the  essential  requirements  of  intimate  contact  between  mating  faces  as  a  prerequisite 
for  bonding  by  atomic  diffusion,  the  surfaces  to  be  joined  should  be  as  flat  and  smooth  as  possible. 
For  practical  applications  of  DB  it  is  usual  to  specify  a  roughness  equivalent  to  a  ground  surface 
(RA  Circa  0.5  ran).  Rougher  surfaces  can  be  accannodated  however,  by  appropriate  adjustments  in  the 
process  conditions.  Figure  28  shews  for  reference  the  surface  roughness  associated  with  a  range 
of  surface  machining  operations. 

Although  bonding  times  can  be  reduced  by  the  use  of  the  finest  possible  finish,  this  needs  to  be 
balanced  against  the  time  that  would  be  required  to  achieve  such  a  finish. 

The  existence  of  insoluable  substances  on  or  between  the  surfaces  will  prevent  bonding.  These 
"no  bond"  areas  manifest  themselves  as  voids  in  the  case  of  entrapment  of  insoluable  gasses  such 
as  argon,  or  alternatively  areas  of  intimate  contact  in  the  case  of  insoluable  surface  layers  such 
as  oxide  layers. 

The  inhibition  of  bonding  by  the  introduction  of  insoluable  surface  layers  has  a  practical 
significance  in  the  manufacturing  process,  as  it  enables  selective  bonding  to  be  carried  out  and 
thus  facilitates  the  manufacture  of  highly  complex  structural  forms  by  the  combined  SPF/DB 
processes.  This  important  aspect  is  discussed  later  in  this  paper. 

5.4  Titaniun  as  a  bondable  material 


Because  of  its  associated  superplastic  properties  the  6%  Aluniniun  4%  Vanadium  titanium  alloy  has 
become  the  most  widely  used  and  recognised  high  strength  titaniun  alloy  in  the  manufacture  of 
DB  components.  DB  temperatures  for  this  alloy  are  usually  in  the  region  930-950°  C  -  this 
temperature  range  being  conditioned/limited  by  the  phase  transformation  temperature  for  this  two 
phase  alloy  of  985°  C. 

At  temperatures  in  excess  of  800°  C  titaniun  and  its  alloys  become  highly  reactive  and  will  absorb 
their  own  limited  oxide  layer,  thus  producing  a  "self-cleaning"  action  which  is  compatible  with 
the  DB  process  requirements.  The  reactivity  of  titaniun  at  these  temperatures  does  however  require 
that  the  material  is  protected  in  an  inert  (argon)  atmosphere  or  alternatively  under  vacua. 

Because  of  the  insoluability  of  argon  in  titaniun,  care  needs  to  be  taken,  however,  to  ensure  that 
during  the  bonding  sequence  the  argon  is  expelled  from  between  the  mating  faces  and  does  not  become 
entrapped,  thus  producing  large  voids  in  the  bonds.. 

Because  of  the  self-cleaning  action  associated  with  titanium  alloys,  these  materials  can  be  used  in 
the  bonding  process  as  "as  received"  materials  with  the  pre-preparation  of  sheet  for  example  being 
limited  to  standard  cleaning  processes  such  as  degreasing  and  "pickling"  (acid  etch).  This  factor 
obviously  enhances  the  economic  advantages  of  the  use  of  titaniun  in  low  cost  component  manufacture, 
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Although  solid  state  DB  of  titaniun  is  readily  achieveable,  there  are  practical  advantages  to  be 
had  in  the  use  of  liquid  phase  DB.  In  particular,  the  use  of  an  interlayer  can  significantly  reduce 
the  pressures  required  to  effect  a  bond.  Fitzpatrick  (25)  reports  that  the  use  of  a  Cu/Ni 
interlayer,  electro  plated  onto  the  bond  faces,  allows  bonding  pressures  to  reduce  to  less  than 
700  mb. 

This  contrasts  with  sheet  titanium  solid  state  bonding  pressures  of  20  to  30  bar  which  are 
typical  of  current  component  manufacture.  Based  upon  the  familiar  Wiesert/Stacher  relationship 
presented  on  Figure  29  the  associated  times  to  achieve  a  bond  are  1  to  1.5  hours. 

5.5  Aluninlun  as  a  Bondable  Material 


The  major  obstacle  which  prevents  aluminium  alloys  as  "as  received"  materials  being  used  for  DB, 
is  the  existence  of  a  tenacious  oxide  layer  which  is  insoluable  even  at  DB  temperatures.  Before 
aluminiun  and  its  alloys  can  be  bonded  therefore,  it  is  necessary  to  either  remove  this  oxide  layer 
by  chemical/mechanical  cleaning,  or  to  substitute  a  soluable  alternative  which  will  be  absorbed  by 
the  base  material  at  the  DB  temperatures  -  thus  behaving  in  a  self  cleaning  manner  akin  to  that 
for  titaniun.  The  introduction  of  a  substitute  layer  can  also  be  used  as  a  means  of  effecting 
liquid  phase  bonding  with  a  resultant  reduction  in  bonding  pressures  and  times. 

DB  of  aluminium  in  the  form  of  cladding  has  been  in  use  for  a  considerable  number  of  years.  This 
process  involves  cold/high  pressure  rolling  and  considerable  straining  of  the  material,  which 
causes  break  up  of  any  residual  oxide  layer. 

The  pretreatment  of  the  aluminium  alloy  involves  chemical/aechanical  removal  of  the  oxide  layer. 
Because  of  the  capital  equipment  involved  this  bonding  technique  has  not  been  viewed  as  a  method 
for  component  manufacture  but  recent  developments  by  Texas  Instruments  in  the  manufacture  of 
components  by  their  "thermally  expanded  metal"  process  (26)  could  result  in  cold  roll  bonding 
gaining  some  prominence  in  future  aerospace  component  manufacture. 

For  low  pressure/high  temperature  bonding,  which  is  being  developed  in  association  with  SPF  and 
MIC  fabrication,  the  method  of  oxide  pre-treatment  involves  either  chemical/mechanical  cleaning 
or  alternatively  the  substitution  of  the  oxide  layer  with  a  thin  absorbable  metallic  coating  of 
elements  such  as  Cu,  Ag  etc.,  the  choice  of  element  being  subject  to  the  base  alloy  being  bonded. 

Coating  techniques  such  as  Ion  Vapour  Deposition  (IVD)  allows  these  absorbable  coatings  to  be 
of  minimal  thickness  and  hence  their  absorption  has  negligible  effect  on  the  base  alloy 
composition  and  its  associated  mechanical  properties. 

Development  work  carried  out  by  British  Aerospace  concludes  that  the  oxide  layer 
technique  provides  higher  quality  bonds  with  less  variability  in  bond  strength. 

DB  temperatures  for  aluminiun  alloys  are  in  the  region  of  500°  C,  but  the  actual 
used  is  subject  to  the  base  alloy  and  the  metallic  coating  employed. 

Bonding  Pressures  for  aluniniun  alloys  using  the  "hot"  DB  process  are  relatively 
the  roll  bonding  process  and  times  as  low  as  15  minutes  have  been  achieved. 

5.6  Bond  strengths 

The  following  table  summarises  typical  strengths  of  DB  joints  in  titanium  and  aluminiun  alloys. 
These  are  compared  for  reference  with  parent  material  strengths  and  typical  rivet ted  and 
adhesively  bonded  joint  strengths. 

Mechanical  Properties  of  DB  Joints 


substitution 

temperature 

lew  compared  with 


Material 

Shear  Strength 
- Kga  " 

Titanium 

Parent 

575 

6  AL.  4V 

DB 

575 

Aluminiun 

Parent 

320 

DB 

150  -  170  V. 

Riveted  Joint 

(Typical) 

10 

Adhesive  Bond  Joint 

(Typical) 

20-40 

What  is  evident  frem  this  table  is  the  capability  of  titaniun  to  achieve  parent  strength 
properties  and  the  significant  increase  in  shear  strength  of  titaniun  and  aluniniun  DB  joints 
relative  to  current  conventional  joining  techniques. 

Baker  and  Partridge  (28)  have  demonstrated  that  for  good  quality  bonds  in  titaniun  the  fatigue 
performance  of  DB  joints  is  equal  to  parent  material  but  that  the  existence  of  micro  voids  in 
the  joint  area  will  degrade  the  fatigue  performance  without  significantly  affecting  the  static 
strength.  Work  by  the  same  authors  has  demonstrated  that  even  for  Joints  with  minimal  voiding  a 
significant  reduction  In  impact  strength  is  experienced  at  a  DB  Joint  in  titanium. 
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Fran  a  component  design  point  of  view,  parent  material  fatigue  strengths  are  usually  of  academic 
interest  as  these  properties  are  usually  degraded  to  take  account  of  stress  concentration  effects 
associated7with  notches  and  joints.  For  the  case  of  titanium  6/4  the  parent  material  endurance 
limit  OO  1  cycles)  of  530  MPa  would  be  reduced  to  330  MPa  for  normal  design  purposes  i.e.,  38% 
reduction.  Data  fran  the  literature  and  from  testing  conducted  by  British  Aerospace,  suggests  that 
this  reduction  in  parent  strength  represents  a  realistic  degradation  factor  to  cover  practical  limits 
of  micro  voiding. 

The  effects  of  micro  voids  established  by  Baker  and  Partridge  are  presented  in  figures  31  and  32. 

A  survey  of  the  literature  by  the  Author  indicates  that  by  comparison  with  the  volume  of  research 
reported  on  the  SPF  mechanisms  only  limited  work  is  reported  in  the  field  of  DB  in  particular  in 
respect  to  bond  failure  modes  when  associated  with  defects  and  in  the  development  of  an  understanding 
of  the  reasons  for  low  impact  strength  of  DB  joints  and  a  method  of  improving  the  joint  properties. 

5.7  DB  Joint  Defects 


DB  joint  defects  fall  into  three  categories.  These  are 

1.  Micro  voids 

2.  Large  voids 

3.  Intimate  contact  disbonds 

Figure  32  shews  a  typical  micro  void  in  *  DB  joint  -  such  a  defect  is  only  likely  to  occur  as  a 
result  of  the  application  of  the  incorrect  processing  conditions.  This  defect  can  be  largely 
overcome  by  ensuring  that  the  processing  conditions  of  pressure  and  or  time  are  chosen  to  encompass 
the  widest  range  of  surface  conditions  likely  to  be  encountered  in  the  manufacture  of  a  given 
component. 

The  effect  of  the  presence  of  micro  voids  has  and  continues  to  be  studied.  Results  so  far  indicate 
some  insensitivity  to  micro  voids  in  static  strength  properties  but  reductions  in  fatigue, 
impact  and  elongation  to  failure  have  been  demonstrated. 

The  cause  of  large  voids/disbonds  is  most  likely  to  be  associated  with  argon  gas  entrapment  when 
bonding  in  an  argon  environment.  This  defect  can  be  overcome  by  employing  the  correct  processing 
technique  and  in  the  detail  design  of  the  component  to  ensure  progressive  venting  of  the  faces  to 
be  bonded.  Large  void  areas  can  also  arise  due  to  irregularities  in  the  platens  or  workpiece  when 
carrying  out  "massive"  DB.  In  this  case,  the  bond  faces  have  failed  to  ccme  into  contact  because 
the  pressures  employed  are  generally  insufficient  to  forge  the  material  into  the  required  shape. 

The  effect  of  large  voids  on  component  integrity  is  currently  being  studied  -  of  particular 
concern  is  whether  such  voids,  even  if  deemed  to  be  initially  non  critical  because  of  their  location 
on  a  component,  will  propagate  to  a  critical  state  in  a  service  environment. 

As  discussed  previously,  intimate  contact  disbonds  are  associated  with  non  gaseous  insoluable  layers 
between  mating  faces.  These  insoluable  areas  can  either  be  present  on  the  faces  to  be  bonded,  or 
arise  during  manufacture  due  to  inadequate  pre-processing  or  as  a  result  of  the  ingress  of  surface 
contaminants  during  the  DB  processing.  The  prevention  of  such  disbonds  is  clearly  dependent 
upon  good  process  control.  As  in  the  case  of  large  voids,  such  disbonds  may  not  be  critical  on  a 
particular  component,  provided  they  do  not  propagate,  but  unlike  large  voids  the  intimate  contact 
in  these  disbonds  makes  their  extent  difficult  to  ascertain  by  current  NDT  techniques. 


5.8  N.D.T. 


Of  the  three  defect  types  discussed  in  the  previous  section,  only  the  large  voids  can  be  readily 
detected  by  current  N.D.T.  techniques  such  as  C-Scan  ultrasonics  and  X-Rays  (29)- (30). 

Detection  of  ”icro  voids  can  only  be  accomplished  by  micrographic  examination  and  in  a  practical 
situation  thi  is  usually  carried  out  on  a  sample  basis  either  by  cut  up  of  production  components 
or  by  the  examination  of  areas  of  the  components  which  are  removed  during  subsequent  production 
operations;  control  of  such  defects  is  however  best  accomodated  by  correct  processing  and  process 
control . 

Recently  published  information  (31)  suggests  that  such  defects  may  be  detectable  by  the  use  of 
scanning  acoustic  microscopy.  This  technique  relies  upon  the  fact  that  it  is  possible  to  focus 
an  acoustic  beam  to  a  diffraction  limited  spot  by  making  use  of  the  large  velocity  mismatch 
between  sound  waves  in  material  such  as  sapphire  and  water.  An  S.A.M.  lens  based  upon  this 
principle  is  shown  on  figure  33.  As  reported  such  devices  are  capable  of  measuring  cracks  and 
discontinuities-^  100  h.m. 

Intimate  contact  disbonds  is  a  defect  which  is  cannon  to  all  bonding  processes  and  is  therefore  not 
unique  to  DB.  Detection  of  such  defects  presents  difficulties  for  all  bonding  processes  and  this 
is  currently  the  subject  of  a  considerable  amount  of  research  using  techniques  *uch  as 
thermography,  holography  etc.  An  interesting  development  in  this  field  is  the  use  of  a  YAG  laser 
as  a  means  of  inducing  a  temperature  differential  and  therefore  distortion  of  the  unbonded 
laminate.  The  distorted  shape  is  then  detected  by  a  focussed  interferometer  (32).  The  principle 
of  this  technique  is  also  illustrated  in  figure  33. 


7-13 


As  in  the  case  of  micro  void3  and  in  coercion  with  other  bonding  processes  currently  accepted  for 
aircraft  production,  close  control  of  the  processing  route  is  seen  as  the  most  practical  solution 
to  this  particular  problem. 

5*9  Component  Manufacture 

5.9.1  Equipment 

The  process  of  DB  requires  a  means  of  maintaining  the  workpiece  at  a  uniform  temperature ,  together 
with  the  means  of  applying  and  reacting  the  loads  required  to  produce  intimate  contact  between  the 
faces  to  be  bonded .  The  equipment  most  widely  used  as  a  means  of  providing  these  conditions  is  a 
heated  platen  press,  a  typical  example  of  which  is  shown  on  Figure  1.  Provision  of  a  protective 
environment  in  particular  when  DB’ing  titanium  is  either  provided  by  the  addition  of  a  vacuum 
chamber  as  an  integral  part  of  the  press  or  alternatively  as  an  integral  part  of  the  individual 
component  tooling.  In  the  case  of  certain  SPF/DB  forms  the  DB  is  protected  within  the  titanium 
blank. 


5.9.2  DB  Processing 

DB  in  component  manufacture  is  generally  categorised  into  two  forms 

1.  "Massive  DB" 

2.  "Thin  Sheet  DB" 

Massive  DB  involves  the  joining  of  machined  plate  elements  and  is  generally  associated  with  the 
manufacture  of  thick  section  components  which  would  otherwise  be  machined  from  solid,  or 
alternatively,  from  a  forged  blank.  Figure  34. 

As  p  general  rule,  the  bonding  pressures  associated  with  "massive"  DB  are  applied  by  mechanical 
means  and  can  require  the  application  of  loads  in  more  than  one  direction. 

The  DB  joints  in  components  manufactured  by  this  route  are  a  substitute  for  parent  metal  in  the 
conventional  equivalent  and  would  in  general  be  subject  to  high  levels  of  stress  in  service  use; 
this  in  turn  demands  high  integrity  bonds  in  the  manufacture  of  these  components  if  good  structural 
efficiency  is  to  be  maintained  in  the  DB  component. 

The  need  to  achieve  such  high  quality  bonds  coupled  with  the  remoteness  of  the  applied  mechanical 
bonding  loads  places  considerable  demands  on  the  accuracy  required  of  both  the  tooling  and  the 
individual  plate  elements  employed  in  the  component  manufacture. 

By  contrast  the  use  of  "thin  sheet"  DB  has  two  practical  advantages  relative  to  "massive"  DB. 

These  are:- 

1.  Thin  sheet  usually  has  a  good  surface  finish  as  an  "as  received"  material 

(R.  Circa  0.5 yura)  and  therefore  requires  limited  pre-preparation.  (This  is  particularly 
true  of  titanium  alloy  sheet). 

2.  Bonding  loads  can  be  applied  by  gas  press urisation  which  facilitates  intimate  contact 
between  faces  to  be  bonded  and  is  therefore  independant  of  the  platen  or  workpiece 
flatness.  Figure  35. 

(Mechanical  bonding  can  also  be  applied  for  thin  sheet  bonding.  The  success  of  this 
process  does  however  depend  upon  the  platen  and  workpiece  flatness  (10)). 

When  associated  with  sheets  of  superplastic  quality,  conformity  between  faces  to  be  bonded  can  be 
readily  achieved  by  the  fact  that  the  material  will  form  to  provide  intimate  contact.  In  addition, 
the  bonding  pressures  will  remain  normal  to  the  surfaces  of  the  sheets  irrespective  of  the  shape 
of  the  two  sheets  to  be  bonded. 

5.9.3  SPF/DB 

Since  the  late  sixties,  much  experimental  work  has  been  conducted  in  the  potential  use  of  the  combined 
process  of  SPF/DB,  in  particular,  using  the  6/4  titanium  alloy.  The  structural  forms  which  can  be 
manufactured  using  these  combined  proce?  es  are  universally  recognised  in  terms  of  the  nixubers  of 
sheets  employed  in  their  manufacture.  igures  36  to  38  illustrate  the  2,  3  and  4  sheet  forms 
respectively. 

The  manufacture  of  thin  sheet  SPF/DB  components,  in  particular  the  two  and  three  sheet  forms  rely 
upon  selective  DB  prior  to  SPF.  Hie  achievement  of  the  selective  DB  is  associated  with  the  use  of 
an  insoluable  surface  coating  which  is  applied  to  the  mating  surfaces  in  areas  which  are  not  required 
to  be  bondeo.  In  the  case  of  the  four  sheet  structure,  the  core  line  bonding  can  be  carried  out 
ia  a  similar  manner  to  that  for  the  two  and  three  sheet  forms  and  prior  to  its  enclosure  into  the 
skin  pack.  This  structure  also  has  a  DB  cycle  as  the  completion  of  forming  in  tne  tool. 
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Although  the  full  range  of  SPF/DB  structural  forms  have  already  been  demonstrated  in  association 
with  titanium  alloys,  no  published  evidence  exists  to  show  that  the  three  or  four  sheet  structures 
can  be  applied  to  aluainiun  alloys.  Because  of  the  support  provided  by  the  tool  to  the  bond  areas 
employed  in  the  two  sheet  structure,  such  a  structure  seems  to  be  a  practical  proposition  for  SP 
aluniniun  alloys. 

5*9*4 

Because  of  the  form  in  which  these  materials  are  produced  (thin  foil),  coupled  with  the  large  areas 
of  bond  required,  DB  of  rtIC  either  as  selective  reinforcement  In  association  with  SPF/DB  or  in  the 
manufacture  of  h*1C  components,  generally  uses  gas  pressure  bonding  to  ensure  good  quality  bonds. 

The  use  of  these  materials  is  still  in  the  early  development  stage  but  the  attractive  weight  saving 
potential  provided  by  these  high  specific  strength  materials  suggests  that  in  the  longer  term  this 
could  represent  the  greatest  potential  use  for  DB  in  future  aircraft  component  manufacture. 

6.0  Component  Integrity 

Component  integrity  in  respect  to  the  use  of  DB  in  manufacture  is  dependent  upon  the  type  of  structure  and 
the  method  of  manufacture  employed  in  the  production  of  the  DB  joints. 

As  discussed  previously  the  types  of  structure  and  the  high  levels  of  joint  loading  associated  with 
"massive"  DB  places  considerable  demands  on  the  process  conditions,  tooling  integrity  and  accuracy/finish 
of  the  component  elements. 

In  general  the  DB  joints  associated  with  the  thin  sheet  structure  forms  which  are  typical  of  SPF/DB 
manufacture,  replace  conventional  joining  technique  such  as  welding,  ri vetting,  or  adhesive  bonding. 

The  load  transfer  demanded  by  such  joints  is  well  within  the  strength  capability  of  I®  joints,  as 
demonstrated  in  section  5.6,  where  a  comparison  is  provided  between  conventional  and  DB  joint  strengths. 

Testing  of  practical  SPF/DB  structure  has  demonstrated  however  that  the  integrity  of  these  thin  sheet 
components  is  more  dependent  upon  local  stress  concentrations  in  the  parent  material  which  arise  from 
structural  features  which  are  typical  and  peculiar  to  this  form  of  construction. 

Figure  39  provides  details  of  what  are  typical  SPF/DB  structural  features.  Although  the  use  of  DB  has 
elimina1  the  stress  concentrations  that  would  be  associated  with  conventional  jointing  techniques  such 
as  rive. ting  or  bolting,  it  is  clear  from  the  sections  presented  in  figure  39.  that  SPF/DB  structures 
will  be  subject  to  stress  concentrations.  Figure  40  provides  S^data  for  one  of  these  typical  sections 
when  subject  to  a  typical  loading  mode.  This  data  is  compared  with  standard  notched  fatigue  data  and 
demonstrates  quite  clearly  the  presence  of  stress  concentrations  in  the  SPF/DB  Joint  which  are  similar 
in  value  to  a  standard  notch  concentration.  Similar  data  has  new  been  derived  for  different  loading  modes 
including  vibration  loading  and  for  the  full  range  of  structural  features.  This  data  provides  the 
fundamental  data  base  for  the  design  of  SPF/DB  structures. 

As  indicated  in  tables  2  and  3,  a  number  of  full  size  component  tests  have  been  successfully  carried  out 
without  adverse  ccmuent  with  respect  to  the  integrity  of  the  SPF/DB  structures. 

One  particularly  significant  feature  of  the  testing  which  has  been  conducted  to  date  is  the  apparently 
excellent  performance  of  SPF/DB  structures  in  hostile  acoustic  environments .  The  range  of  components 
which  have  been  tested  are  listed  below  and  include  both  2  and  4  sheet  structures. 

APU  door  for  B1  -  two  sheet  (33) 

Nozzle  panel  for  Concorde  -  two  sheet  (figure  41) 

F-15  nozzle  fairing  -  two  sheet  (7) 

AV8B  access  door  -  four  sheet  (figure  42) 

In  all  cases  noise  levels  up  to  l65dB  have  been  applied.  In  the  case  of  the  AV8B  panel  which  is  being 
developed  by  British  Aerospace,  this  level  was  sustained  for  up  to  40  hours  without  failure  and  in 
association  with  structural  temperatures  up  to  150°  C.  These  results  clearly  indicate  a  potential  for 
the  application  of  SPF/DB  in  the  manufacture  of  ccwling  and  nozzle  structures  or  in  fuselage  areas 
which  are  subject  to  acoustic  loading. 

Service  evidence  of  the  integrity  of  SPF/DB  structures  is  now  being  rapidly  acciioulated  e.g,  in  the  case 
of  the  Airbus  wing  access  panels  (figure  20)  which  were  first  fitted  to  the  A3 10-300  aircraft,  fleet 
time  as  of  Spring  1987  was  26,000  hours  with  a  lead  aircraft  flight  time  of  3200  hrs.  Flight 
experience  in  support  of  the  satisfactory  integrity  of  SPF/DB  structures  is  being  accumulated  on 
Tornado  F-15,  T-38,  YF-12,  F-4,  F-14A,  EAP,  Rafale  and  RB211  engines. 

Fatigue  and  damage  tolerance  has  and  is  being  addressed.  In  the  case  of  the  BLATS  programme,  it  is 
reported  (16)  that  two  lifetimes  of  fatigue  and  two  of  damage  tolerance  were  sustained  without  failure. 
Fatigue  and  damage  tolerance  testing  has  ccamenced  on  the  primary  fuselage  pressure  shell  component 
(escape  hatch)  illustrated  in  figures  43  and  44.  This  component  has  been  developed  by  British 
Aerospace  and  the  testing  will  involve  the  application  of  seme  120,000  cabin  pressure  cycles.  Results 
of  this  testing  will  be  available  late  1987. 


7.0  Design/Manufacturing  Aspects  Associated  with  SPF/DB  Structures 

All  of  the  SPF/DB  structural  types  which  are  presented  schematically  in  Figures  36  and  38  have  specific 
structural  and  manufacturing  aspects  which  should  be  understood  by  the  designer. 

7.1  2-Sheet  Structure 

The  two  sheet  structure  of  the  type  illustrated  in  figure  36  represents  the  SPF/DB  equivalent  of  a 
common  conventional  form  of  construction  and  therefore,  with  the  exception  of  the  use  of  DB  as  a 
means  of  joining  the  two  sheets,  the  structural  advantages  and  limitations  should  already  be  well 
understood.  Although  the  formed  sheet  will  be  subject  to  thinning,  generally  the  shapes  demanded 
in  such  structures  do  not  present  difficulties  for  the  prediction  of  the  thickness  distributions. 

In  effecting  the  DB  of  such  structures,  two  methods  of  manufacture  are  possible :- 

a)  pre  bonding,  either  singly  or  in  a  pack,  using  gas  pressure  and  delineating  the  bond  areas  using 
a  bond-inhibitor  (stop  off) -then  subsequently  expanding  in  the  form  tool  as  a  separate  operation. 

b)  bonding  by  mechanical  means  in  the  tool  prior  to  forming.  This  is  usually  a  continuous  but 
sequential  operation. 

The  former  route  requires  good  alinement  between  the  bonded  areas  of  the  blank  and  the  corresponding 
features  in  the  tool  to  ensure  a  consistent  and  optimun  transition  between  the  swaged  section  and 
the  bonded  area  (reference  figure  41). 

Although  the  latter  route  will  have  a  bond  area  which  is  defined  and  effected  by  the  pressure 
generated  by  the  tooling  features,  the  quality  of  the  bond  is  totally  dependent  upon  the  matching 
of  tool  faces,  including  the  flatness  and  combined  thicknesses  of  the  component  blank  in  the 
area  to  be  bonded. 

The  designer  must  be  aware  therefore  of  the  quality  of  bond  and  the  resultant  local  features/defects 
that  could  result  from  the  manufacturing  route  proposed.  This  is  discussed  in  some  detail  in 
Reference  (10). 

7.2  3-Sheet  Structure 

Unlike  the  two  sheet  SPF/DB  form,  which  is  controlled  directly  by  the  tool  in  terms  of  its  final 
structural  definition,  the  three  sheet  structural  form  is  largely  controlled  by  the  definition  of 
the  starting  blank.  The  tool  in  this  case,  only  provides  a  restraint  to  the  blank  around  its 
periphery  and  in  addition  provides  the  envelope  shape  of  the  finished  component.  This  therefore 
places  responsibility  on  the  designer  to  define  both  the  starting  blank  and  the  finished 
component  and  to  accomplish  thisrit  is  necessary  for  the  designer  to  model  and  understand  the 
forming  process.  For  simple  structures, such  as  that  illustrated  in  figure  38,  the  modelling  is 
relatively  easy  but  for  the  more  complex  stiffening  patterns  such  as  sine  wave  or  discontinuous 
stiffening,  the  establishment  of  a  finite  element  technique  as  a  basis  of  an  SPF  CAD  system  i 
highly  desirable  and  will  greatly  reduce  the  iterative  trial  and  error  development  which  is 
currently  a  feature  of  SPF/DB  technology. 

The  fact  that  the  tooling  can,  to  a  large  degree,  be  divorced  from  the  component  structural 
definition,  provides  the  designer  in  turn  with  freedom  to  change  the  structural  definition  without 
affecting  the  tool.  This  is  comforting  to  the  designer  bearing  in  mind  the  cost  and  lead  time  of 
provisioning  tools. 

One  feature  of  the  three  sheet  structure,  which  needs  to  be  observed  by  the  designer  in  the 
definition  of  the  blank,  is  the  fact  that  the  skin  thicknesses  used  need  to  be  significantly 
greater  than  the  core  thickness  to  ensure  skin  stability  during  forming  and  to  overcome  external 
waviness  on  the  finished  component. 

A  wide  variety  of  core  stiffening  patterns  are  possible  with  the  three  sheet  structure.  These 
include  straight,  sine  wave,  and  discontinuous  features.  Orthogonal  stiffening  is  possible  for 
a  three  sheet  structure  but  requires  considerable  increase  in  the  blank  complexity. 

7.3  4-Sheet  Structure 

The  four  sheet  structure  illustrated  in  figure  37  results  in  cellular  stiffening  which  has  the 
virtue  of  having  design  and  stressing  characteristics  which,  although  not  identical  in  detail, 
are  familiar  to  the  designer  in  their  conventionally  fabricated  equivalent. 

As  for  the  three  sheet  structure,  the  designer  has  the  responsibility  of  defining  the  details  of 
the  starting  blank  to  achieve  his  finished  component.  Again  this  cannot  be  achieved  without  an 
in  depth  understanding  of  the  manufacturing  process  and  will  be  greatly  assisted  by  the 
development  of  a  finite  element  CAD  analysis  system. 
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In  the  Authors  view  the  four  sheet  structural  form  provides  the  widest  range  of  freedoms  to  the 
design  in  the  derivation  of  his  optimun  design.  These  are 


.  the  ability  to  change  the  skin  envelope  thicknesses  and  associated  reinforcement 

independent  of  the  core-including  the  deletion  of  either  or  both  skins  to  produce  two  or 
three  sheet  cellular  forms. 

the  ability  to  change  the  core  thicknesses  and  associated  reinforcements  independent  of  the 
skin. 

.  the  ability  to  change  the  nunber,  form  and  position  of  stiffeners. 

.  the  ability  to  interrupt  stiffeners. 

,  the  ability  to  have  orthogonal  stiffening  patterns. 

.  the  ability  to  fonn  integral  fittings  ref.  figure  45. 

.  the  ability  to  facilitate  access  for  control  runs  etc.  by  forming  web  apertures  concurrent 
with  the  forming  of  the  component  ref.  figure  46. 

8.0  NDT  Aspects  of  SPF/DB  Structures 

There  are  essentially  three  aspects  to  the  NDT'  of  SPF/DB  structures.  These  are 

a)  thickness  measurement 

b)  inspection  of  internal  details 

c)  inspection  of  DB 

For  ail  of  the  SPF/DB  forms,  ultrasonic  thickness  measurement  has  proven  to  be  reliable  in  production. 
This  cannot  however  facilitate  all  of  the  measurements ,  in  particular  for  the  internal  structure  in  the 
three  and  four  sheet  forms.  These  can  only  be  inspected  by  component  cut  up  on  a  sampling  basis, 
coupled  also  with  close  control  of  the  process  parameters  and  particularly  the  accuracy  of  the  starting 
blank.  SP  quality  of  the  material  is  also  an  important  aspect  of  maintaining  control  of  the  finished 
component  thicknesses. 

Inspection  of  the  internal  details  '•f  a  formed  structure,  in  particular  the  three  and  four  sheet  forms, 
can  be  carried  out  accurately  by  X-.'y,\tfith  close  control  of  the  blank  and  its  processing,  coupled  also 
with  thickness  measurements  and  external  witnesses,  it  is  likely  that  such  inspections  may  be  reduced  to 
a  sampling  basis. 

Ultrasonic  C-Scan  represents  the  only  practical  production  NDT  technique  available  for  the  inspection  of 
DB  quality.  This  method  can  be  readily  applied  to  the  two  and  three  sheet  forms  and  to  the  skin  to 
core  bonding  of  the  four  sheet  structure.  Bond  quality  of  the  internal  structure  of  the  four  sheet  form 
can  only  be  checked  by  component  cut  up  on  a  sampling  basis,  coupled  also  with  an  inferred  quality  from 
the  results  of  the  inspection  of  the  core  to  skin  bend  which  is  produced  in  identical  processing 
conditions  and  environment  to  the  web  bonds. 

9.0  Economic  Advantages 

The  economic  advantages  associated  with  DB  and  SPF/DB  have  been  well  documented  and  have  been 
substantiated  fully  by  a  wide  range  of  full  size  development/demonstrator  projects  conducted  by  most 
aerospace  companies  throughout  the  Western  World. 

The  fundamental  aspects  associated  with  these  economic  advantaged  are  given  in  Tables  6  and  7  but  the 
essential  elements  are  - 

1.  Simple  starting  blank  forms  (particularly  significant  for  titaniun). 

2.  High  material  utilisation 

3.  Reduced  parts  count. 

4.  Process  times  which  are  insensitive  to  size,  complexity  of  structural  form,  or  numbers  of 
components  manufactured  in  one  operation. 

5.  In  the  case  of  SPF/DB  concurrent  forming  and  bonding. 

It  is  recognised  that  the  actual  savings  achieved  are  a  function  of  the  component,  Its  equivalent 
conventional  method  of  manufacture  and  the  associated  material.  A  highly  significant  factor  in  the 
maximisation  of  these  savings  is  however  a  requirement  to  design  for  these  processes  -  in  particular 
SPF/DB  -  rather  than  slavishly  attempting  to  reproduce  the  conventional  equivalent. 
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As  an  example  of  the  significant  reduction  in  parts  count  which  is  attainable  by  SPF/DB,  the  pressure  shell 
escape  hatch  illustrated  in  Figure  44  and  which  has  been  development  by  British  Aerospace  for  125/800 
aircraft,  has  a  reduction  of  76  detail  parts  and  1,000  fasteners  in  transforming  from  aluminium  fabrication 
to  titanium  SPF/DB.  The  SPF/DB  door  will  have  only  14  details  and  some  90  fasteners.  Allowing  for 
differences  in  the  raw  material  costs  between  the  two  methods  of  manufacture  a  30%  cost  saving  is  predicted 
for  the  SPF/DB  door.  This  component  is  a  further  example  of  the  competitiveness  of  SPF/DB  titanium  in  the 
replacement  of  all  minium  fabricated  structure.  Further  examples  of  the  types  of  components  which  have  been 
replaced  by  SPF/DB  are  given  in  tables  2  and  3. 

10.0  Weight  Advantage 

Again  the  weight  saving  potential  provided  by  these  processes  has  been  well  documented  and  substantiated 
by  full  scale  component  manufacture.  These  weight  savings  occur  from  the  ability  of  SPF/DB  in  particular, 
to  produce  efficient  structural  forms  with  the  elimination  of  fasteners  and  associated  joint  flanges. 

A  particular  example  is  shewn  on  Figure  20.  This  shews  the  titaniun  SPF/DB  wing  access  panel  which  has 
been  developed  by  British  Aerospace  and  is  now  in  full  production  for  fitment  to  Airbus  A3 10  and  A320 
aircraft.  This  particular  component  achieves  a  weight  saving  of  40%  of  the  aluminium  alloy  equivalent. 

1 1 .0  Applicability 

Based  upon  an  assessment  of  civil  and  military  aircraft, an  estimate  of  the  potential  embodiment  levels 
for  components  using  the  SPF/DB  process  route  is  seen  as  follows: 

%  of  Structure  Weight 

SPF/DB  8-10 


Almost  half  of  this  application  is  seen  in  the  replacement  of  aluminium  fabricated  structure, 
application  are:- 

SPF/DB  -  control  surfaces 

-  smaller  flying  surfaces 

-  access  panels/doors 

-  engine  bay  component 

-  hot  ducting 

-  engine  rotating  parts 


Areas  of 


12.0  Conclusions 

SPF  and  SPF/DB  of  structural  alloys,  in  particular  titaniun,  have  come  of  age,  in  as  much  as  these 
processes  have  now  been  introduced  into  the  volume  production  of  a  significant  number  of  primary 
components  for  airframes  and  aero  engines. 

The  processes  are  well  understood  and  produce  components  which  are  superior  in  strength,  cost  and  quality, 
to  their  conventionally  manufactured  equivalents. 

Conventional  NDT  techniques  can  and  are  already  being  successfully  applied  in  the  qualification  of 
production  components  but  further  R&D  in  the  field  of  detection  of  intimate  contact  disbonds  is 
desirable.  In  the  final  analysis  the  key  to  quality  of  SPF/DB  structures  is  seen  as  close  process  control. 

To  exploit  these  processes,  an  indepth  understanding  of  their  flexibilities  and  limitations  is  required 
by  the  designer  if  the  maximum  benefits  are  to  be  realised.  The  designers  capabilities  will  be  greatly 
enhanced  by  the  successful  development  of  a  CAD/CAM  modelling  system  for  these  processes. 
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TABLE  1 

Aircraft  Superplastic  Alloys 

Aliminium 

Titan!  nn 

Superal  100 

6  A1-4V  UMI  318) 

Superal  150 

4  A1-4M0  -2.Sm-0.5Si  (IMI  550) 

Superal  220 

CORCNA  5 

7475 

6A1-2Sn-4Zr-2Mo 

Al-Lith 

1 5V-3Cr-3Sn-3A 1 

Nickel 

8A1-1MO-1V 

INCO  718 

3A1-2.5V 

IN  100 

5A1-2.5V 

BSR  143  and  185 
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Tab!*  3 


SPF  A  SPF/DB  DEVgtOWfDfT  COWOWOffS 


COKPONENT/AltCBAFT 

FORM 

(TITANIUM) 

REPLACING 

COST 

SAVING  X 

WEIGHT 
SAVING  X 

TEST  CONDITIONS 

COtWEKT 

REF. 

T.E,  n«f  -  C-17 

SPF/DB 

15 

26 

Fully  qualified 
for  flight. 

(6) 

(7) 

Notsl*  Fairing  -  F-15 

SPF/DB 

Tltsnlua 

Honeycoube 

*0 

Acoustic  tasting 
Levels  up  to 

16MB.  In  sscssa 
of  thras  yasra 
flight  testing. 

lac  SFF/PB  (6) 

component  to  bs  (7) 

flight  ttetad. 

Features  la 
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nacelle  ate*. 

Wing  Glow*  Fairing 
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Fabrication 

30 
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flight 
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Fabrication 

30 
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12 
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Slat  Surface  - 
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Experimental 

Hot  Ducting  “ 

Tornado 

SPF/DB 

Tltanlua 

Fabrication 

3* 

Mias  1 1*  Wing's  - 

spf7db 

Various 

TABLE  A 


ADVANTAGES  OF  SPF 
AND  SPF/DB 


.  WEIGHT  SAVINGS  UP  TO  50% 

.  COST  SAVINGS  UP  TO  60% 

TIE  ACTUAL  SAVINGS  ABE  A  FUNCTION  OF 

.  COMPONENT 

.  ALTERNATIVE  METHOD  OF  MANUFACTURE 
.  MATERIAL  USED  IN  CONVENTIONAL  MANUFACTURE 
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table  5 


ADVANTAGES  Of  SUPERPLASTIC  FORMING  {SPF) 


Characteristic 

Cost  benefits 

Structural  benefits 

Forming  capability  in  excess 
of  conventional  forming 

One-piece  forming  rather 
than  ntiltipart  joining 

Reduction  in  joints  for  compression 
structure  low  cost  stabilizing 
features 

'One  shot-  process 

Reduction  in  tooling  and/ 
or  intermediate  heat 
treatment 

Accuracy/repeatability 

Reduction  in 
assenbl //fitting  costs 

Low  variability  in 
structural  performance 

Simple  cavity  tooling 

No  requirement  for 
matched  tooling 

— 

Negligible  tool  wear 

Reduced  tool 

ref urp i shment/ repl ac  emen t 

— 

Process  time  independent 

Of  site  or  number 

Increasing  benefit  with 
size  or  use  of 
multicavity  tooling 

TABLE  6 


ADVANTAGES  OF  DIFFUSION  BONDING  (OB) 


Characteristics 

Cost  benefits 

Structural  benefits 

Process  time 
independent  of  bond 
area  or  numbers 

Joint  strengths 
approaching  or  equal 
to  parent  metal 

Increasing  benefits  with 
sizes  or  multiples  off 
in  one  press  cycle 

Improved  joint  efficiency 
relative  to  conventional 
joining 

Low  strain/distortion 

— 

— 

7 

ADVANTAGES  OF 

spf/oe 

Characteristics 

Cost  benefits 

Structural  benefits 

Simple  starting  blanks 

Of  particular  importance 
for  titanium 

— 

Concurrent 

SPF/D8  processes 

Joining  and  forming  as 
combined  operation 

— 

Complex  monolithic 
structures 

Reduction  in  details 
and  fasteners 

Reduction  in  joint  lands 

CoetHnes  benefits  of 
SPF  and  Dfl  as  indep¬ 
endent  processes 

Ref.  advantages  of  the 
separate  processes 

Ref.  advantages  of  the 
separate  processes 

High  material 
utilization 


Of  particular  1«N»rtance 
for  titanium 


7-24 


( 

I 


1 


(Titanium  6/4) 


The  Basic  Processes 

Fig8  SUPERPLASTIC  FORMING 

USING  GAS  PRESSURE  TO  FORM 
SUPERPLASTIC  MATERIAL 


Mould 

-HEAT' 


Material  starts  to  form  as 
a  natural  bubble 


Material  conforms  to  shape 
of  mould 


Formed  item  after  removal 

(for  purposes  of  Illustration 
thinning  pattern  Is  ignored) 


—  Superplasticity 


Elongation 
at  Failure 
Elongation,  % 


i 


Practical. 

Forming 

Range 


•  TH5A/  -2.5Sn 
“  Tl  6A/-4V 
o  Zlrcaloy  -4 


Fig9 

elongation  to  t-aiiure  of  Superplastic 
Materials 
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WIDE  COLUMN  CONCEPTS 


FiglO 


Tht  Effect  of  Various  Structural 
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Fig  13 


SPF  FLUTED  STRUT 


Fig  14 


Structural  Efficiency  of  Plain  and 
Fluted  SPF  Struts 

(Constant  cross  section) 


|  Falling  stress/density  (lo'lb  In/lb) 

-SPF  Titanium  8/4 
(lutad  strut 

SPF  Al-llth  (luted  strut 


Plain  al-litn  strut 


Fluted  strut  has  12  corrugations 
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Structural  Index 
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Fig  15 


Location  of  Airbus  A3 10  Jack  "an 


Fig  16 

SPF  Jack  Can  (Titanium  6/ 


Fig  17 

Conventionally  Pressed  Jack  Can 
(C.P.  Titanium) 
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Manufacture  of 
Two  Pressings 
aaaamblod  and  joined 


Forming  of  Complete 
Envelope  joined  at 
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Forming  In  Rotation  to  the  Material 
SPF  Characteristics 
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Strain  Rate 
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Fig2  7 
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Fatigue  Strength  of  Typical  SPF/DB  Joint  Fig40 


Fig41 
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(Location  of  Escape  Hatch) 


SPF/DB  Escape  Hatch 


Fig  45 

Four  Sheet  SPF/DB 
(Integral  Fitting) 


Fig  46 
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THE  MANUFACTURE  Og  SUPERPLASTIC  ALLOYS 


Dr.  R.  Grimes 

British  Alcan  Aluminium  pic 
c/o  Alcan  International  Limited 
Southaa  Road 
BANBURY  Oxon  0X16  7SP 
England 


SUMMARY 

The  'qulrements  in  a  superplastic  sheet  material  are  either  to  possess  a  fine  uniform 
grain  lire  or  to  be  capable  of  developing  such  a  grain  structure  during  the  course  of 
superplaatic  deformation.  Alloys  that  are  currently  being  commercially  exploited  fall  into 
both  categories  and  the  manufacturing  routes  to  produce  material  with  good  superplastic 
behaviour  using  commercial  scale  processing  are  considered.  Most  of  the  paper  la  devoted 
to  aluminium  alloys  since  their  manufacture  In  a  superplastic  form  embodies  most  of  the 
general  principles.  Since  the  aluminium  alloys  do  not  involve  allotroplc  transformations 
limited  consideration  is  also  given  to  titanium  alloys.  Amongst  aluminium  alloys,  the 
A1-6Z  Cu-0.4tZr  system  that  typifies  the  Supral  alloy®,  requires  a  specially  developed 
casting  s>.*em  in  order  to  achieve  a  very  high  level  of  supersaturation  with  zirconium- 
Subsequent  manufacturing  la  fairly  conventional,  the  sheet  product  recrystallislng 
dynamically  during  auperplaatlc  forming.  The  higher  strength  aluminium  alloys  are 
conventionally  cast  but  achieve  a  very  fine  grain  8l2e  at  the  sheet  stage  by  careful 
thermal  mechanical-treatment  during  the  later  stages  of  M-fabrlcation.  With  titanium 
the  standard  production  route  for  the  T1-6A1-4’.'  suits  In  a  product  with 

superplasclc  capabilities  perfectly  adequate  for  most  applications. 


INTRODUCTION 

While  the  phenomenon  of  superplasticity  has  been  recognised  for  at  least  sixty  years  it  has  only 
been  the  subject  of  Intensive  Investigation  since  the  appearance  of  Underwood’s  review  of  the 
phenomenon( 1 )  In  1962.  During  the  intervening  twenty-five,  or  so,  years  the  literature  has  multiplied 
greatly  and,  as  pointed  out  by  Nleh  and  Wadsworth( 2) ,  this  growth  has  been  accompanied  by  a  change  of 
emphasis  from  "academic"  alloys  to  "commercial"  alloys.  Despite  this  change  of  emphasis,  the 
overwhelming  majority  of  the  published  literature  has  been  concerned  with  mechanisms  of  superplastic 
deformation  while  most  of  the  remainder  has  been  concerned  with  superplaBtlc  forming.  This,  of  course, 
comes  about  because  of  the  commercial  sensitivity  of  information  relating  to  the  more  practical  aspects 
of  superplasticity  and,  for  the  same  reasons,  very  little  has  been  published  relating  to  the  techniques 
of  manufacture  of  superplastically  deformable  metallic  materials.  In  this  paper  an  attempt  will  be  made 
to  give,  at  least  some,  description  of  the  aspects  that  require  control  from  the  point  of  view  of  the 
metal  manufacturer.  Table  1  indicates  some  of  the  alloy  systems  that  had  been  shown  to  be  superplastic 
by  1970  while  Table  2  includes  some  additions  for  the  Intervening  years.  In  a  paper  of  this  type  it  Is 
clearly  Impossible  to  consider  all  the  possible  materials  and  most  attention  will  be  devoted  to  the  two 
most  important  sets  of  alloys,  namely  those  based  on  titanium  and  those  based  on  aluminium.  Most  detail 
will  be  given  on  aluminium  alloys  as  the  various  superplaatic  aluminium  alloys  probably  incorporate  most 
of  the  manufacturing  principles  of  Importance  In  superplastic  alloy  systems,  regardless  of  base  metal. 
Superplastic  titanium  alloys  then  embrace  the  few  remaining  principles  of  Importance. 


REQUIREMENTS  FOR  SUPERFLASTIC  BEHAVIOUR 

The  early  view  of  superplastic  alloys  was  that  they  should  consist  of  two  phases  present  in 
approximately  equal  volumes  and  the  two  phases  should  be  very  finely  divided.  Thus,  it  was  felt,  the 
alloys  should  be  of  eutectic  or  eutectold  composition.  Although,  even  from  an  early  stage,  exceptions 
to  this  general  rule  were  noted  (e.g.  superplsstlc  behavlout  was  observed  In  commercial  purity  zinc  in 
1933(3)),  it  waa  probably  the  demonstration  of  good  superplaatic  behaviour  In  Al-Cu-Zr  alloys  (H)  that 
led  to  greatest  modification  of  the  early  beliefs.  The  Al-Cu-Zr  alloys  were,  at  the  superplastic 
forming  temperature,  virtually  single  phase  but  they  contained  a  dispersion  of  very  fine  (~  10  nm) 
particles  of  Al3Zr  to  confer  grain  stability.  This  observation  led,  In  due  course,  to  the  demonstration 
of  superplastic  behaviour  In  several  conventional  aluminium  alloys  after  special  thermo-mechanical 
processing.  Overall  It  la  now  clear  that  to  be  capable  of  superplastic  behaviour  any  alloy  must: 

•  either  possess  a  stable,  fine  grain  structure  before  deformation  commences 

•  or  be  capable  of  achieving  a  stable,  fine  grain  structure  during  the  course  of 
plastic/superplastlc  deformation. 

Additionally,  the  flow  stress  during  superplaatic  deformation  Is  of  considerable  Importance, 
particularly  In  those  alloys  with  a  significant  cavltatlonal  tendency.  This  Is  because  In  forming 
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structural  components  It  becomes  essential  to  superimpose  a  hydrostatic  stress  In  order  to  suppress 
formation  of  cavities  and,  It  has  been  suggested,  a  superimposed  hydrostatic  stress  approximately  equal 
to  half  the  flow  stress  of  the  material  Is  required.  Thus  the  necessary  hydrostatic  stress  to  suppress 
cavitation  will  go  up  as  the  flow  stress  of  the  alloy  goes  up  and  this  can  have  profound  Implications 
for  the  forming  machinery.  In  the  manufacture  of  structural  aerospace  components  a  forming  machine  with 
a  plan  area  of  lj  metres  x  3  metres  could  well  be  required.  For  a  forming  operation,  without 
superimposed  back  pressure,  this  would  imply  a  maximum  separating  force  of  the  order  of  400  tonnes.  For 
a  superplastic  aluminium  alloy  with  a  flow  stress  of  5  MPa  the  superimposed  hydrostatic  stress  to 
suppress  cavitation  would  be  2.5  MPa  which  implies  a  separating  force  on  the  example  machine  of  the 
order  of  1130  tonnes. 

It  will,  almost  Invariably,  be  the  case  that  as  strain  rate  goes  up  so  will  flow  stress  and  the 
natural  wish  of  the  component  manufacturer  to  carry  out  the  forming  operation  as  rapidly  as  possible 
may  well  bring  with  It  larger  flow  stresses  with  their  inevitable  consequences  for  forming  machine 
design.  Figure  1  (after  Hamilton  et  al(5))  Indicates  the  extent  of  change  in  flow  stress  that  may 
accompany  strain  rate  changes.  More  than  an  order  of  magnitude  change  In  flow  stress  accompanies  an 
Increase  in  strain  rate  from  the  optimum  for  superplastic  behaviour  (4  x  10"4  sec-1  for  the  example 
alloy)  to  that  at  which  it  might  well  be  wished  to  carry  out  the  forming  operation  (say,  1  x  10”2 
sec-*).  The  separating  force  on  the  machine  in  the  earlier  example  now  goes  up  to  well  over  2000  tonnes 
if  cavitation  is  to  be  suppressed. 

Temperature  of  forming  also  exerts  a  profound  influence  upon  flow  stress  and  this  is  also 
illustrated  for  7475  aluminium  in  Figure  1*  This,  of  course,  has  a  two-fold  effect  for  the  superplastic 
forming  machine.  On  the  one  hand,  the  lover  the  forming  temperature  the  cheaper  the  materials  from 
which  the  machine  may  be  constructed.  At  forming  temperatures  of  the  order  of  480°C  relatively  cheap 
cost  aluminium  tooling  can  be  used  and  the  constructional  materials  for  the  rest  of  the  machine  do  not 
have  to  be  exotic.  As  temperatures  approach  600° C  more  expensive  materials  are  necessary  both  for 
general  construction  and  tooling.  On  the  other  hand,  however,  the  higher  the  forming  temperature  the 
lower  will  be  the  flow  stress  and  hence  the  requirements  for  superimposed  back  pressure  will  be  less. 

In  summary,  therefore,  the  objectives  that  the  manufacturer  of  superplastic  metal  sheet  should 
achieve  are  a  material  either  possessing,  or  capable  of  developing  during  forming,  a  fine  stable  grain 
size  with  as  low  a  flow  stress  as  possible.  The  customer  wishing  to  form  the  sheet  will  demand 
consistency  of  superplastic  behaviour  in  terms  of  optimum  ductility,  forming  temperature,  strain  rate 
and  flow  stress  and  the  customer  trill  also  expect  to  find  this  consistency  across  a  wide  range  of  sheet 
gauges  and  a  vide  range  of  sheet  sizes. 


SUPERPLASTIC  ALLOT  MANUFACTURE 

ALUMINIUM  ALLOTS 

The  earliest  examples  of  superplasticity  In  aluminium  alloys  concerned  eutectics,  such  as  A1-33Z 
Cu,  possessing  unsatisfactory  service  properties  and  It  was  probably  not  until  the  Invention  of  the 
so-called  Supra  1  alloye(4)  within  the  Tube  Investmenta/British  Aluminium  Group  that  the  possibilities 
for  superplaatlcally  deformable  aluminium  alloys  became  generally  appreciated.  Subsequently,  work  on 
aluminium  alloys  of  standard  composition,  and  notably  that  carried  out  at  Rockwell  International^) , 
demonstrated  that  by  suitable  thermal  mechanical  treatment,  alloys  such  as  AA7475  could  possess  good 
superplastic  properties.  More  recently,  great  interest  has  developed  tn  both  the  aluminium  Industry  and 
the  aerospace  Industry  In  alloys  based  upon  the  alualnlum-llthlum  system  and  several  of  the  new 
candidate  alloys  have  been  shown  to  be  capable  of  superplastxc  behaviour.  In  the  following  sections  the 
manufacture  of  these  three  groups  of  aluminium  alloys  will  be  considered  and  brief  mention  will  be  made 
of  eutectic  alloys.  Somewhat  different  principles  are  involved  between  the  first  two  groups  while,  it 
would  appear,  that  the  alualnlua-llthiro  based  alloys  can,  by  appropriate  processing,  be  placed  in 
either  of  the  first  two  groups.  The  alloys  will  be  considered  here  in  the  same  order  in  which  they  were 
developed  since  this  should  present  the  necessary  Information  In  a  coherent  manner.  Figure  2 
schematically  illustrates  the  manufacturing  route  for  conventional  structural  aluminium  alloys  so  that 
in  the  subsequent  sections  comparisons  can  be  made  between  the  conventional  route  and  the  modi  ^cations 
necessary  to  confer  superplasticity  in  different  alloys. 

Tha  Supral  Alloys 

The  trade  name  Supral  was  registered  to  describe  the  superplastlcally  deformable  aluminium  alloys 
(7  8  9)  manufactured  by  the  former  British  Aluminium  Company  (now  British  Alcan  Aluminium  pic)  and 
formed  Into  engineering  components  by  the  Alcan  subsidiary.  Superform  Metals  Limited.  Essentially, 
these  alloys  are  all  characterised  by  a  zirconium  content  (approximately  0.4Z)  that  la  considerably 
higher  than  that  found  In  conventionally  manufactured  aluminium  alloys.  Additionally,  the  alloys  all 
contain  s  further  addition  (or  additions)  si  as  copper,  zinc  or  magnesium.  It  has  been  postulated 
that  the  mechanism  by  which  superplastic  deformation  is  achieved  In  these  alloys  is  for  the  major 
alloying  addition,  such  as  copper,  to  lower  the  stacking  fault  energy  of  the  alloy,  so  encouraging 
dynamic  recrystal Hast Ion,  while  the  zirconium  provides  a  dispersion  of  very  fine  particles  that 
stabilise  the  newly  recrystallised  grains.  The  manufacturing  rrute  was  developed  around  this 
hypothesis.  The  greatest  problem  to  be  overcome  in  making  alloys  of  this  type  Is  the  need  to  suppress 
the  separation  of  coarse  particles  of  Al3Zr  during  casting.  Figure  3  shows  the  binary 
alumlnlum-zirconlua  phase  diagram  and  it  can  be  seen  that  at  a  zirconium  content  of  approximately  0.4X 
by  we‘®ht,  and  under  equilibrium  conditions,  the  first  phase  to  separate  on  solid? ficatlon  Is  Al3Zr. 
Under  *uch  conditions  the  Al3Zr  could  separate  in  a  very  coarse  form  commencing  at  a  temperature  of 
approximately  780*C  and  continuing  until  the  peritectic  temperature  of  660BC.  If  solidification 
occurred  under  equilibrium  conditions  the  structure  of  an  Al-0.4ZZr  alloy  would  consist  of  very  large 
Al3Zr  particles  In  an  aluminium-matrix  containing  a  very  low  level  of  zirconiiv*  in  solid  solution  In  the 
matrix.  The  Al-Cu  eutectic  temperature  Is  548°C  and  this,  therefore,  defines  n*  maximum  temperature  to 
which  the  solid  alloy  may  be  subjected  if  Incipient  melting  Is  to  be  avoided,  it  is  not  possible,  even 
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by  prolonged  heating  at  very  high  temperatures,  to  achieve  a  aolld  solution  level  of  zirconium  any 
greater  than  0.12.  Thus,  to  achieve  the  required  degree  of  supersaturation  with  zirconium, 
solidification  must  take  place  under  non-  equilibrium  conditions  and  sufficiently  rapidly  to  prevent,  or 
at  least  minimise,  separation  during  solidification. 

Figure  2(a)  shows,  dlagramatlcal ly ,  a  cross-section  of  the  arrangement  for  the  vertical 
seal-continuous,  direct  chill  (DC)  casting  of  aluminium  alloys.  Basically,  the  same  arrangement  Is 
employed  for  the  overwhelming  majority  of  aluminium  cast  for  fabrication  into  wrought  products.  An  open 
bottomed  water  cooled  mould,  l,  is  employed.  The  Initial  chill  of  the  metal  entering  via  the 
distributor,  2,  Is  provided  by  contact  with  the  mould  wall  but  the  great  majority  of  cooling  is  schleved 
by  the  direct  Impingement  ot  jets  of  water  from  the  bottom  of  the  mould  onto  the  aide  of  the  partially 
solidified  ingot,  3.  In  a  normal  casting  operation  the  molten  metal  would  enter  the  mould  at  a 
temperature  of  about  700°C  eventually  solidifying  at  the  Interface  between  the  molten  metal  sump  and 
the  emerging  Ingot  when  the  temperature  v  ill  have  fallen  to  shoot  660*C  for  pure  aluminium  or 
appreciably  lower  for  many  alloys. 

In  casting  alloys  with  a  zirconium  content  of  the  order  of  0.41  the  temperature  of  the  metal 
entering  the  casting  head  must  be  much  higher  than  the  example  quoted  above  since  Al3Zr  Is  potentially, 
capable  of  separating  once  the  metal  temperature  falls  beneath  about  780°C.  Thus  the  molten  alloy 
should  enter  the  casting  head  at  a  temperature  somewhat  greater  than  780°C  but,  once  in  the  molten  metal 
sump,  must  be  chilled  at  as  high  a  rate  as  possible  In  order  to  suppress  the  separation  of  the  AljZr. 
This,  of  course  implies  that  the  solidification  of  the  Ingot  should  take  place  as  rapidly  as  possible 
which,  (n  turn,  increases  the  level  of  solidification  stresses  in  the  ingot  and  raises  the  probability 
of  Ingot  cracking.  To  make  fabrication  ingot  of  the  Supral  alloys,  therefore,  a  specially  designed 
casting  system  has  to  be  employed  which  minimises  the  residence  time  of  molten  metal  In  the  sump, 
achieves  solidification  as  rapidly  as  possible  In  a  DC  system  but  which  does  not  result  In  high  residual 
stresses  in  the  cast  Ingot.  Even  employing  such  a  system  separation  of  coarse  Al3Zr  is  not  wholly 
suppressed  and  figure  4  Illustrates  the  type  of  coarse  AljZr  precipitation  that  can  occur.  Note  that 
the  secondary  dendrite  arm  spacing  is  also  very  fine  Indicating  the  rapid  solidification  rate  of  the 
alloy. 

After  casting  the  next  stage  in  the  manufacturing  route  is  to  subject  the  cast  ingot  to  a, 
so-called,  homogenisation  process.  In  this,  conventionally,  the  ingot  is  held  at  a  sufficiently  high 
temperature  to  allow  diffusion  to  take  place  and  remove  the  compositional  variations  that  exist  across 
cast  grains  while  coarse  intermetallic  compounds  that  separate  during  solidification  are  also  dissolved. 
In  the  Supral  alloys  the  high  level  of  zirconium  supersaturation  In  the  casting,  together  with  the  low 
zirconium  solid  solubility  means  that  any  elevated  temperature  treatment  resul ts  In  precipitation  of 
zirconium  from  the  supersaturated  solid  solution.  A  conventional,  high  temperature  homogenisation 
treatment  would  result  In  the  formation  of  a  relatively  coarse  dispersion  of  Al3Zr  particles  that  would 
not  be  very  effective  in  controlling  grain  growth  during  superplastic  deformation.  The  heat  treatment 
Of  the  cast  Ingot  Is,  therefore,  very  Important  If  the  optimum  dispersion  of  grain  pinning  particles  Is 
to  be  achieved.  Figure  5  illustrates  the  very  fine  nature  of  the  optimum  distribution. 

After  homogenisation  the  ingot  Is  hot  rolled,  usually  on  a  reversing  mill  that  also  provides  the 
opportunity  for  widening  the  Ingot  by  cross  rolling.  In  the  majority  of  modern  plants  the  hot  flat 
blank  that  results  from  the  reversing  breakdown  mill  passes,  without  further  heat  treatment,  into  a 
multi  stand  hot  strip  mill  after  which  it  is  coiled  in  readiness  for  subsequent  cold  rolling.  The 
physical  procedures  used  In  hot  and  warm  rolling  the  Supral  alloys  are  no  different  from  those  employed 
for  conventional  strong  aluminium  alloys  although  precise  control  of  temperatures  and  times  Is  necessary 
In  order  not  to  allow  excessive  growth  of  the  Al3Zr  particles. 

As  mentioned  above,  even  employing  specially  developed  casting  hardware  and  procedures,  some 
separation  of  coarse  Al3Zr  occurs  during  solidification.  If  all  of  the  rolling  operations  are  uni¬ 
directional  the  coarse  Al3Zr  particles  become  aligned  leading  to  mechanical  fibrelng  of  the  product  and 
anisotropy  of  superpla9tic  properties.  This  fibrelng  can  be  reduced  by  cross  rolling  although,  when 
carried  out  during  the  cold  rolling  operation,  this  makes  the  rolling  operation  appreciably  more 
expensive.  The  other  respect  In  which  the  cold  rolling  of  the  Supral  alloys  differs  from  cold  rolling 
of  conventional  alloys  is  in  the  extent  of  cold  rolling  without  intermediate  annealing.  Conventionally, 
a  normal  strong  alloy  would  be  Inter-annealed  either  after  every  pass  or  after  every  other  pass  (a 
reduction  of,  perhaps,  40-502).  The  Supral  alloys  are  designed  to  recrystal  1 ise  dynamically  as 
superplastic  straining  takes  place  and  this  dynamic  recrystallisation  is  encouraged  if  the  sheet,  before 
superplastic  deformation  commences,  Is  in  a  heavily  cold  worked  condition.  Intermediate  annealing  Is, 
therefore,  avoided  and  cold  rolling  reductions  of  the  order  of  702  are  employed  for  optimum  superplastlc 
behaviour . 

The  Supral  alloys,  therefore,  go  Into  the  superplastlc  forming  operation  in  a  heavily  cold  worked 
condition  and  still  consisting,  essentially,  of  the  (relatively  coarse)  grain  structure  with  which  they 
were  cast.  When  the  correct  structure  has  been  obtained  heating  to  the  temperature  of  forming  does  not 
resul t  In  recrystall lsation  but  subsequent  plastic  deformation  in  the  forming  operation  produces  a  fine, 
recrystallised  grain  structure. 


High  Strength  Aluminium  Alloys 

In  developing  a  euperplastlcally  deformable  version  of  established  aircraft  structural  alloys,  such 
as  7475,  It  was  a  basic  objective  at  the  outset  to  retain,  unaltered,  as  much  as  possible  of  the 
manufacturing  sequence  in  order  to  gain  ready  acceptance  of  the  euperplastlcally  formed  alloy  In 
aerospace  structures.  In  particular,  the  composition  was  Intended  to  remain  within  the  already 
established  limits. 

Thus,  contrary  to  the  Supral  alloys,  the  early  stages  of  melting,  Alloying,  casting,  homogenising 
and  hot  rolling  would  be  Identical  with  the  same  operations  for  non-superplastic  7475  strip.  This  has 
obvious  advantages  when  It  comes  to  casting  although,  it  should  be  borne  In  mind  that  the  high  strength 
AI-Zn-Mg-Cu  series  Is,  certainly,  amongst  the  most  difficult  series  of  alunlnltaa  alloy s  to  cast. 
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The  basic  differences  in  manufacturing  route  compared  with  conventional,  com  Into  effect  once  hot 
rolling  has  been  completed.  Figure  6  Indicates  the  route  proposed  by  Rockwell^  fe)  .  In  essence  the 
strip,  after  hot  rolling  to  approximately  25  as  la  solution  treated  and  then  overaged  to  produce  a 
dispersion  of  a  very  large  number  of  particles  with  a  size  of  about  0.5  um.  The  metal  Is  then  heavily 
rolled  at  an  lnteraedlate  temperature  ( approx laat e ly  85Z  at  200*C)  before  being  given  a 
recrystallisation  treatment  In  a  salt  bath.  The  dispersion  of  particles  In  the  heavily  worked  matrli 
results,  on  rapid  heating.  In  the  particles  acting,  In  effect,  aa  recrystal  1  last  Ion  nuclei.  Although  by 
no  aeans  all  of  the  particles  act  as  nuclei,  a  reasonably  fine  grain  size  can  be  achieved  by  this 
processing  route  and  good  superplastic  behaviour  can  be  obtained.  The  superplaatlc  behaviour  achieved 
Is,  very  nuch,  related  to  the  grain  size  achieved  and  Figure  7  (10)  demonstrates  both  the  greater 
superplastic  ductilities  and  higher  strain  rates  made  possible  by  grain  size  refinement  to  about  5  urn* 
However,  while  the  above  processes  are  possible  In  a  laboratory  their  direct  translation  Into  a  factory 
environment  would  be  very  difficult.  Considering  the  Rockwell  sequence  of  Figure  6,  reference  to 
Figure  2  will  show  that  the  natural  point  at  which  to  solution  treat  would  be  after  hot  atrip  rolling. 
At  this  stage  the  strip  has  been  coiled  and  the  rapid  cooling  implicit  in  solution  treatment  would  not 
be  possible  In  coll  form.  If  it  is  assumed  that  this  difficulty  can  be  overcome,  the  next  step  in  the 
Figure  6  sequence  is  a  very  large  warm  rolling  reduction.  This  too,  would  be  very  difficult  to  achieve 
with  conventional  production  equipment,  particularly  in  thinner  (<  3  m)  gauge  material.  The  final  stage 
of  salt  bath  annealing  is  a  perfectly  practicable  Btep  but  very  few  large  aluminium  companies  are  now 
equipped  for  this  operation. 

In  practice,  at  least  four  major  aluminium  companies  are  manufacturing  auperplastlcal ly  deformable 
versions  of  7475  sheet  so  It  must  be  sssimied  that  there  are  ways  around  the  obstacles  mentioned  above. 
Little,  however,  has  been  published  on  the  topic  by  the  Companies  concerned  although  there  Is  a  series 
of  patents  which  allude  to  the  problems  of  conducting  the  sequence  of  Figure  6  in  s  production  unit  and 
which  suggest  modifications  to  allow  a  more  Industrially  practicable  route.  Ward,  Agrawal  and  Ashton 
(l*)  demonstrate  that  after  solutlonlslng  the  hot  rolled  blank  it  is  not  essential  to  water  quench  (or 
otherwise  rspidly  cool)  before  the  overageing  treatment  and,  Indeed,  they  claim  a  superior  final  product 
by  cooling  directly  from  the  solutlonlslng  teaperature  to  the  overageing  temperature.  Having  achieved 
the  appropriate  size  and  distribution  of  precipitates  the  material  can  then  be  further  rolled  either  at 
elevated  temperature  or  at  ambient  teaperature.  Where  thicker  gauges  are  required  the  overageing  la 
applied  to  a  relatively  thick  blank  which  la  then  either  wans  or  wara  and  cold  rolled  to  gauges  In  the 
range  3  no  to  1.5  ma.  As  with  Supral  alloys  It  la  suggested  that  It  Is  advantageous  to  cold  roll 
transversely  to  the  hot/warm  rolling  direction.  For  thinner  gauges  the  hot  rolled  blank  Is  overaged 
when  It  is  about  6.25  mn  thick  and  then  cold  rolled,  in  coll  fora,  to  the  intended  gauge. 

A  further  development  of  this  thinking  Is  described  by  Ward  and  Ashton(12)  and  shown  schematically 
in  Figure  8(b).  In  thla  case  both  water  quenching  after  solutlonlslng  and  the  discreet  overageing 
treatment  are  eliminated.  The  part  rolled,  solutlonlsed  slab  Is  cooled  at  a  controlled  rate  (Ideally 
~  25°C  per  hour)  to  the  temperature  of  hot  rolling  and  hot  rolling  can  then  coaoence  without  further 
delay.  While  earlier  patents  have  restricted  the  temperature  of  rolling  to  about  275*C  (l.e.  warm  not 
hot  rolling),  material  being  produced  by  this  route  can,  Initially,  be  hot  rolled  although  the 
temperature  will  fall  into  the  warm  working  range  aa  rolling  proceeds-  During  this  warm  working  the 
equivalent  of  some  cold  work  will  be  Imparted  to  the  strip  but  It  is,  apparently,  Important  that  the 
strip  temperature  should  be  below  about  275“C  at  the  end  of  the  hot/warm  rolling  operation.  The  coll, 
typically  at  a  gauge  of  about  7.5  mm,  would  then  be  cold  rolled  to  final  gauge. 

A  further  development  of  the  above  ideas(13),  shown  schematically  In  Plgure  8(c),  Incorporates  the 
alternatives  of  either  cold  or  warm  rolling  to  impart  sufficient  stored  energy  to  produce  the  fine 

recrystalllsed  structure.  It  Is  claimed  that  this  technique  produces  a  atrip  that  can  be  recrystallised 

to  the  required  structure  using  the  heating  rates  available  In  continuous  heat  treatment  furnaces. 

A  further  method  of  Improving  the  manufacturing  route  Is  described  by  Bampton  (lH)  who  points  out 
that  the  overaged  material  produced  by  the  Initial  Rockwell  route  continues  to  age  naturally  at  ambient 
temperature  once  the  overageing  treatment  la  completed.  This  results  in  cracking  during  cold  rolling. 
If  the  overaged  material  is  cold  rolled  without  delay  -  which  in  industrial  production  terms  will 
frequently  be  impractical  -  the  relatively  high  level  of  supersaturation  will  also  result  in  cracking 
after  relatively  small  rolling  strains.  Bampton  shows  that  a  further  softening  treatment,  after 

completion  of  the  overageing,  by  slowly  cooling  to  a  lower  temperature  (of  the  order  of  250*C)  and 

holding  for  about  24  hours  removes  both  supersaturation  and  CP  zone.  The  strip  is  then  sufficiently 

ductile  to  be  cold  rolled  to  larger  strains  and  finer  grain  sizes  are  claimed  to  be  possible.  While 
this  technique  was  designed  for  application  to  material  that  had  been  separately  overaged,  It  would 
appear  to  be  equally  applicable  to  material  processed  according  to  the  Ideas  expressed  In  the  patents  of 
references  (“  12 

It  has  also  been  pointed  out  (1S)  that  the  rate  of  cavitation  in  fine  grained  7475  can  be 

significantly  reduced  If  the  sheet  is  held  at,  or  near,  the  superplastic  forming  teaperature  prior  to 
forming.  It  Is  suggested  that  the  pre-anneal  reduces  the  likelihood  of  incipient  melting  of  the  two 
phase  constituent  particles  and  allows  reduction  of  the  size  of  H2  pores.  The  treatment  la  said  to  be 
more  effective  with  material  that  has  a  high  cavltatlonal  tendency  and  can,  perhaps,  be  regarded  ss  an 

expedient  step  to  correct  earlier,  non-optimum  stages  In  the  manufacture  of  the  sheet. 


Aluminium-Lithium  Based  Alloys 

Probably  the  largest  single  development  in  the  aluminium  companies  at  present,  Is  concerned  with 
the  production  of  alumlnlum-lithluo  based  alloys.  These  alloys,  containing  between  ~  1.75X  and  ~  2.75X 
of  lithium  are  of  great  Interest  for  aerospace  applications  because  they  hold  out  the  possibility  of 
reducing  the  density  of  the  alloy  by  between  6  and  12X  while,  simultaneously  achieving  modulus  increases 
of  the  same  order.  The  combined  pressures  from  the  ever-present  search  for  higher  performance  In 
military  aircraft,  together  with  the  wish  to  make  civil  aircraft  more  fuel  efficient  end  the  threat  to 
aluminium  posed  by  the  development  of  high  performance,  carbon  fibre  reinforced  composites  resulted  In 
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the  current  major  development*  In  the  aluminium  companies.  the  aeroapmee  constructor#  and  universities 
and  research  Institutions. 

The  major  aluminium  company  development#  all  have  very  similar  objectives.  Eaaentially,  the  new 
alloys  are  used  to  replace  the  established  alloys  used  in  airframe  construction  and  the  alloy  developers 
are  seeking  to  match  the  service  properties  of  the  established  aerospace  alloys,  while  gaining  density 
and  stiffness  improvements.  The  targets  vary  somewhat,  partlcuisrly  in  terms  of  target  density 
reduction,  but  basically  ell  programmes  seek  to  produce  s  damage  tolerant  alloy,  suitable  for  202*  T3 
replacement,  a  medium  strength,  general  purpose  alloy  to  match  2014  Tt>  properties  and  a  high  strength 
alloy  to  match  the  properties  of  the  high  strength,  7000  series  alloys.  Work  has  been  cerried  out  on 
alloys  from  a  rumber  of  sub-families: 

Al-Mg-Lt 

Al-Cu-Lt 

Al-li-Cu-Mg 

all  of  which  contain  a  zirconium  addition  of  about  0.1X.  However,  the  likely  alloys  for  Initial 
commercial  use  are  now  becoming  clearer  and  it  has  been  demonstrated  that  early  fears  that  the  new 
alloys  would  not  match  the  baseline  alloys  in  terms  of  toughness  have  been  shown  to  be  unfounded.  At 
least  three  demonstrator  aircraft  make  some  structural  use  of  the  new  alual nl urn- 1 i r hi um  based  alloys  and 
several  demonstration  components  have  been  superplest leal  ly  formed  by  British  Aerospace  from  Alcan  LJtal 
8090.  Some  of  the  contending  new  alloys  are  listed  in  Table  3. 

However,  most  of  the  published  work  concerning  superpl  sat  lea  1  ly  deformable  a  lu»  1  n  1 1»- 1 1 1  .i  i  urn  sheet 
has  reported  the  results  of  laboratory  experiments  and  only  very  limited  activity  has  Involved  material 
produced  on  a  commercial  scale.  At  least  two  of  the  major  aluminium  companies  involved  In  the 
a  lualn tun- lithium  development  (Alcan  and  Alcoa)  have  stated  their  intention  of  developing  superplastic 
quality  sheet  but  none  is  yet  available  commercial  ly .  Thus,  It  Is  not  possible  in  this  section  to 

describe  the  manufacturing  routes  for  supvrplaatlc  quality  a luml n 1 ua* 1 1 1 hi  us  alloy  sheet. 

Nevertheless,  it  is  already  possible  to  make  a  series  of  observations  that  1«  likely  to  have 
repercusions  In  the  eventual  commercial  manufacturing  route.  Firstly  it  is  clear  that  many  (see  Table  4 
If  not  alt,  of  the  alumlnltss-1  ithiiss  based  alloys  now  being  proposed  for  aircraft  structural 

applications  can  be  deformed  superpl  ast  1  ca  1  ly ,  if  processed  appropr  lately .  Thus  high  zlrronluai 
additions,  or  their  equivalent,  as  in  rhe  Supral  alloys,  are  not  necessary  and  the  casting  operation 
need  be  no  different  from  that  for  other  slum  I n tum-1 1 thl urn  alloy  produces.  If  should,  however,  be  noted 
that,  because  of  the  high  reactivity  of  aluminium- 1 lthiia  based  alloys  In  the  molten  state  special 

casting  techniques  have  to  be  employed,  regardless  of  rhe  end  product  form.  Crest  care  over  furnace 

atmosphere  control  Is  necessary  if  the  rapid  loss  of  llthlisn  by  oxidation  Is  to  he  avoided.  I'se  of  the 
conventional  reverberatory  furnaces  normally  employed  in  the  aluminium  Industry  cannot  he  allowed  and 
special  furnace  refractories  must  be  employed  as  the  molten  alloys  rapidly  attack  many  conventional 
refractories.  It  has  also  been  demonstrated  that  molten  aluminium- 1 i t h I  urn  alloys  can  in  certain 
circumstances,  react  explosively  with  water,  so  that  special  casting  procedures  are  essential  for  safety 
reasons. 

Tt  can  be  seen  from  Table  4  that  it  is  possible  to  Induce  superplastic  behaviour  In  alumlnlum- 
llthiua  based  alloys  either  by  the  use  of  a  "Rockwell"  processing  route  to  yield  a  fully  recrysta 1 1 1 sed 
fine  grained,  structure  before  commencing  superplastic  defonsat ion [ 1 2)  or  bv  employing  a  "Supral” 
processing  route(10)  in  which  the  starting  sheet  is  In  a  wrought  condition  before  superplastic 
deformation  commences  and  a  fine  grain  size  is  generated  simultaneously  with  the  forming  operation. 
Both  routes  are  capable  of  providing  large  superplastic  strains  and  Insufficient  evidence  is  probably 
currently  available  to  enable  a  confident  judgement  as  to  which  route  has  the  greatest  superplastlc 
potential.  Additionally,  several  workers  have  shown  superplastlc  behaviour  In  sheet  made  via  a  powder 
metallurgy  route  and  quite  good  ductilities  have  been  reported! **) .  However,  from  the  viewpoint  of  a 
metal  manufacturer  the  Supral  route  is  appreciably  more  attractive  than  either  thermo-mechanical 
processing  to  a  fine  recrystallised  grain  structure  or  the  powder  route  since  neither  the  very  large 
cold  reductions  (without  annealing)  are  required  and  nor  are  the  very  high  heating  rates  to  give  static 
recrystallisation.  Certainly,  If  the  Supral  route  is  employed  to  manufacture  the  sheet  and  superplastlc 
deformation  takes  place  using  an  initial  high  strain  rate  to  generate  a  fine  recrystal 11 sed  grain 
structure  followed  by  continuing  deformation  at  a  lover  atrain  rate(20)  large  superplastlc  strains  can 
be  achieved.  If  this  dual  strain  rate  technique  is  employed  and  the  deformation  takes  place  under 
superimposed  hydrostatic  stress,  as  recently  reported  by  Chosh  et  al  (2i),  then  superplastlc  strains  can 
be  achieved  well  in  excess  of  any  that  are  likely  to  be  required  in  component  manufacture  in  the 
Immediately  foreseeable  future.  This  being  so  It  seems  unlikely  that  the  use  of  the  more  complex 
"Rockwell"  route  could  be  justified  and  It  is  the  writers  belief  that  superplastlcal ly  deformable 
alumlnlum-lithlua,  sheet  made  by  the  "Supral”  route  will  be  commercially  available  in  the  very  near 
future. 

This  sheet  is  likely  to  be  available  In  either  the  8090  or  the  8091  composition!22).  The  former  is 
somewhat  leas  superplastlc  but  lias  lower  quench  sensitivity  and  It  la  therefore  possible  to  cool 
relatively  slowly  after  the  superplastlc  forming  operation  so  avoiding  quenching  distortion.  The  latter 
is  more  quench  sensitive  and  a  water  quench  may  be  necesaary  in  order  to  achieve  solution  treatment. 
However,  the  8091  is  capable  of  achieving  appreciably  higher  strengths  than  the  8090.  The  8091  alloy  is 
more  difficult,  from  an  alumlnitmi  manufacturers'  viewpoint  because  both  casting  and  cold  rolling  give 
more  problems  than  the  lower  strength  alloy  8090. 

Like  titanium  alloys,  some  superplastlc  behaviour  can  be  obtained  from  much  "standard"  alumlnlia- 
lithium  sheet.  To  obtain  this  behaviour  the  sheet  needs  to  be  In  a  non-recrystal llaed  condition  and 
difficulties  then  derive  from  the  relatively  high  level  of  anisotropy  in  conventionally  processed  non- 
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rccryatalllsed  sheet.  Additionally,  sheet  not  processed  for  the  auperplsstlc  end  use  asy  often 
partially  recrystalllse  either  during  solution  treatment,  at  the  sheet  manufacturer,  or  during 
pre-heating  for  superplastic  forming.  In  either  event,  recrystallltatlon  will  lead  to  severely  reduced 
superplastic  strain  capability  and  serious  cavitation  In  the  vicinity  of  the  coarse  grains- 

Eutectic  Aluminium  Alloys 

Although  no  eutectic  superplastic  aluainlim  alloy  has  yet  achieved  algnlflcant  commercial  use 
several  potentially  useful  alloys  have  been  suggested  and  the  possibility  reaatns  that  an  alualnlia 
eutectic  alloy  will  achieve  sore  extensive  use-  Clven  the  Importance  of  eutectic  alloys  In  the  earlier 
development  of  superplastic  alloys.  It  seems  appropriate  to  Include  a  brief  mention  of  eutectic  alloy 
manufacture  In  this  review. 

From  the  point  of  view  of  the  metal  manufacturer ,  the  eutectic  alloys  are  probably  the  most 
attractive.  Special  casting  techniques  are  usually  not  required,  although  It  would  generally  be  wished 
to  achieve  as  fine  a  mixture  of  the  eutectic  components  In  the  cast  product  as  possible.  This  would 
most  readily  be  achieved  by  rapid  solidification  and  would,  therefore,  be  aided  by  a  small  ingot  size. 
Probably  the  most  developed  of  the  aluminium  based  eutectics  was  the  Al-Ca-Zn  alloy  described  by  Moore 
and  Horrla  (21).  In  casting  they  required  a  growth  coupled  eutectic  to  form  In  which  the  Ca-Zn-Al 
intermetalllc  forms  as  small  diameter  rods.  Thereafter,  conventional  hot  and  cold  rolling  results  In 
break  up  of  the  eutectic  structure  so  that  the  eventual  structure  Is  of  Ca-Zn-Al  particles  of  about  2  mb 
diameter  In  an  aluminium  matrix,  but  prolonged  exposure  to  elevated  temperatures  must  be  avoided  to 
prevent  coarsening  of  the  Ca-Zn-Al  particles.  The  selected  ternary  composition  allows  satisfactory  cold 
rolling  whereas  the  binary  Al-Ca  eutectic  (2l*)  tends  to  be  considerably  more  brittle  and  to  be  difficult 
to  cold  roll. 


TITAHIUH  ALLOTS 

In  most  of  the  aluminium  alloys  considered  above,  superplastic  behaviour  was  achieved  either  by  a 
dynamic  recrystalllsatlon  route  or  by  thermal  mechanical  processing  to  provide  a  fine  recrystallised 
starting  grain  structure  but,  in  either  case,  producing  materials  that  are,  essentially,  single  phase 
(fee)  at  the  temperature  of  superplastlc  forming.  Eutectic  aluminium  alloys  contain,  depending  upon  the 
particular  eutectic,  two  phases  present  In  approximately  equal  volume.  The  relative  volumes  are, 
however,  largely  determined  at  the  casting  stage.  With  titanium  a  quite  different  situation  exists 
since  the  metal  undergoes  an  allotroplc  modification  at  882*C.  Below  this  temperature  the  close  packo 
hexagonal  alpha  phase  dominates  while  above  this  temperature  the  body  centred  cubic  beta  modification 
forma. 

Superplastlc  behaviour  in  titanium  alloys  was  first  reported  (2i)  20  years  ago  and  it  has  since 
become  clear  that  many  titanium  alloys  can  exhibit,  at  least  some,  superplastlc  behaviour.  Table  5, 
derived  from  Hamilton  (26)  Illustrates  this  point.  Although  both  Hamilton  (26)  and  Hammond(27)  make  the 
points  that  the  mechanisms  of  superplastlc  deformation  are  incompletely  understood  and  that  scope  exists 
for  further  development  of  superplastlcally  deformable  titanium  alloys,  the  fact  remains  that  titanium 
alloys  seem  to  have  a  relatively  high  Inherent  superplastlc  forming  capability  after  conventional 
manufacture.  In  particular,  as  can  be  seen  from  Table  5,  the  T1-6A1-4V  is  capable  of  good  superplastlc 
deformation,  has  a  fairly  high  strain  rate  sensitivity  (m  value)  and  exhibits  superplastlc  behaviour  at 
rather  higher  strain  rates  than  the  other  alloys  listed.  The  T1-6A1-4V  alloy  also  possesses  very 

attractive  service  properties  from  the  point  of  view  of  the  airframe  constructor,  (minimum  0.2Z  PS 
830  MPa,  TS  typically  960  MPa  together  with  good  corrosion,  welding  and  diffusion  bonding  behaviour 
while  no  post  forming  heat  treatments  are  required)  and  so  has  gained  widespread  acceptance  as  an 
aerospace  structural  material.  Given  this  acceptance  for  structural  use  and  the  very  reasonable 

auperplsstlc  behaviour.  It  can  be  seen  that  there  Is  really  not  a  very  large  Incentive  to  develop  new 
superplastlc  titanium  alloys.  Because  the  pure  metal  ia  very  soft  aluminium  and  vanadium  are  added  to 
make  the  T1-6A1-4V  alloy.  The  alumlniia  acts  as  a  stabiliser  of  the  alpha  phase  while  vanadium 
stabilises  the  beta  phase.  At  ambient  temperature  the  alloy  is  virtually  all  alpha  phase  although  the 
form  of  the  alpha  will  be  dependent  upon  the  rate  of  cooling,  water  quenching  giving  aclcular  alpha  and 
fast  air  cooling  fine  needles.  At  about  900*0925*0  the  structure  is  approximately  SOX  alpha  :  30Z 
beta.  numerous  suggestions  have  been  made  to  Improve  the  superplastlc  behaviour  of  titanium, 
particularly  including  the  additions  of  beta  stabilising  elements  such  as  iron,  nickel  or  cobalt  to 

depress  the  forming  temperature( 28)>  The  addition  of  rare  earth  oxides,  such  as  yttria,  has  been 

suggested  In  order  to  stabilise  the  fine  grain  structure  during  superplastlc  forming  and  has  been  shown 
to  be  effective  (29j.  However,  all  such  changes  have  the  disadvantage  I^-Mng  to  alloys  outside  the 
accepted  chemistry  of  the  established  alloys  with  the  consequent  need  qualify  all  aspects  of  the 
modified  alloy  for  aerospace  use. 

The  basic  manufacturing  route  for  titanium  and  tltanlw  alloys  dlfferb  ismentally  from  that  for 
aluminium,  and  the  great  majority  of  commonly  used  metals.  In  that  at  no  point  does  a  furnace  full  of 
molten  alloy  exist.  The  starting  metallic  material  is  titanium  sponge  derived  by  reduction  of  the 
titanium  ore  (largely  rutile  or  ilmenlte  containing,  respectively,  50-60X  T102  and  9SZ  T102).  However, 
because  of  the  very  high  reactivity  of  molten  titanium  and  Its  attack  of  refractory  materials  all 
melting  has  to  take  place  either  In  vacuum  or  an  inert  atmosphere.  Rather  than  melt  a  sufficient 
quantity  of  sponge  from  which  to  cast  an  ingot  the  sponge  is  melted  in  a  consimuble  electrode  arc 
melting  furnace  in  vacuum.  With  this  system  the  electrode  Is  made  from  consolidated  sponge  after 
blending  with  the  appropriate  alloying  additions.  The  electrode  Is  melted  In  a  cooled  chamber  (cooling 
being  either  by  means  of  water  or  liquid  KaK;  the  advantage  of  the  latter  Is  that  it  does  not  react 
with  molten  titanium,  so  that  the  explosion  hazard  that  can  exist  with  water  cooling,  if  the  molten 
alloy  leaks  through  the  crucible,  la  eliminated)  and,  at  any  given  moment,  only  a  limited  amount  of 
liquid  metal  (or  alloy)  exists.  It  is,  therefore,  very  important,  when  making  titanium  base  alloys, 
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to  achieve  very  accurate  and  uniform  mixing  of  the  alloy  components  in  the  electrode  since  conventional 
mixing  of  the  bath  cannot  take  place  and  nor,  of  course,  can  alloy  corrections  be  made  to  the  bath.  For 
quality  improvement,  it  la  frequently  the  practice  to  re-melt  the  ingot  a  second  time.  While  thiB  may 
give  the  impression  of  a  relatively  small  scale  operation,  the  technique  is  applied  to  produce  ingots  of 
1250  ram,  or  so,  diameter  weighing  of  the  order  of  17  tonnes  (30). 

Conversion  of  the  titanium  alloy  ingot  Into  sheet  takes  place  by  a  reasonably  conventional  route. 
The  alloys  can  be  hot  rolled  readily  and,  provided  that  the  ingot  pre-heating  occurs  in  an  atmosphere 
controlled  furnace  (oxidising,  because  hydrogen  pick-up  can  occur  in  a  reducing  atmosphere  and  this  can 
lead  to  embrittlement)  reasonably  conventional  furnaces  can  be  used.  The  basic  objective  is  to  produce 
a  sheet  material  with  a  very  fine  grain  size  and,  preferably,  reasonable  freedom  from  cryatallograhlc 
preferred  orientation.  While  Hamlltonf26)  clearly  demonstrates  a  decrease  in  value  from  >  0.9  in 
TI-6A1-4V  with  a  grain  size  of  6.4  ^ra  to  <0.7  when  the  grain  size  increases  to  20pa.  Peters  et  al(J1) 
found  that  special  processing  to  give  an  alpha  grain  size  of  ~  1.2  actually  resulted  in  a  lower  m 
value  than  the  conventionally  processed  sheet.  It  was  concluded  that  disadvantages  from  textural 
effects  were  overriding  the  benefit  from  the  very  fine  grain  size  as  far  as  m  value  (and  maximum  strain 
capability)  were  concerned.  Nevertheless,  the  fine  grained  material  gave  lower  flow  stresses  than  the 
"conventional"  material  which,  from  a  practical  forming  viewpoint  would  frequently  be  more  important 
than  the  maximum  strain  capability.  Partridge  et  al  (32)  investigated  causes  of  superplastic 
anisotropy  in  T1-6A1-4V  and  concluded  that  the  anisotropy  of  superplastlc  deformation  derived  not  from 
crystallographic  preferred  orientation  but  from  the  presence  of  contiguous  alpha  phase.  The  aligned, 
stronger,  alpha  phase  presented  barriers  to  grain  boundary  sliding,  hence  resulting  in  anlstroplc  flow. 

Overall*  therefore,  the  conventional  production  route  for  the  conventional  TI-6A1-4V  alloy,  with 
hot  working  In  the  alpha  plus  beta  region  followed  by  finish  rolling  at  temperatures  down  to  about 
800®C  resulting  In  a  refined  alpha  phase  and  high  uniformity  of  bl-modal  structure  gives  a  material 
capable  of  very  good  superplastlc  behaviour. 


CONCLUSIONS 

This  review  has  only  considered  the  manufacture  of  a  very  limited  number  of  superplastlcal  ly 
deformable  materials  when  very  large  numbers  of  such  materials  have  been  shown  to  exist.  Nevertheless, 
it  has  attempted  to  demonstrate  the  Important  metallurgical  processing  variables  that  have  to  be 
considered  when  manufacturing  any  superplastlc  alloy  despite  the  very  limited  information  in  the  public 
domain.  In  the  case  of  the  "Supral"  aluminiin  alloys,  the  degree  of  success  achieved  in  producing  a 
good  superplastlc  product  is,  very  largely,  determined  at  the  casting  stage.  For  virtually  all  the 
Other  alloys  it  is  the  details  of  thermal/mechanical  processing  that  determine  the  superplastlc  quality 
of  the  product.  Given  the  success  that  can  be  achieved  in  inducing  superplastlc  behaviour  in  a  very 
wide  range  of  "standard”  alloys  there  can  now  be  very  little  justification  in  modifying  alloy 
compositions  simply  to  Improve  superplastlc  behaviour. 
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EARLIER*  ALLOY  SYSTEMS  EXHIBITING  SUPERPLASTIC  BEHAVIOUR 


Alloy  System 

Superplastic 

temperature 

rc> 

Elongation 

(*) 

Al-Cu  (eutectic) 

480 

0.9 

500 

Al-Cu-Zr  ( Supra  1) 

460 

0.6 

1200 

Cd-Zn 

20 

0.5 

400 

Co-Al 

1200 

0.5 

850 

Cu-Zn 

500 

0.5 

300 

Cu-Al-Fe 

800 

0.5 

720 

Fe-Cr-NI 

920 

0.5 

600 

Mg-Zn-Zr 

300 

0.6 

1000 

Mg-Al  (eutectic) 

375 

0.8 

2100 

Ni-Cr-Fe-Ti 

980 

0.5 

1000 

Sn-Bi 

20 

0.5 

1000 

Tl-Al-V 

920 

0.85 

450 

Zn  (commercial) 

60 

0.2 

400 

Zn-Al  (eutectic) 

_ 

270 

0.7 

1500 

TABLE  2 

NEWER  ALLOY  SYSTEMS  EXHIBITING  SUPERPLASTIC  BEHAVIOUR 


Alloy  System 

a  value 

Elongation  (Z) 

Al-Cu-Mg-Ce-Zr  (Supral  220) 

0.5 

1200 

Al-Zn-Mg-Zr 

0.5 

1200 

Al-Zn-Mg-Cu  (AA  7475) 

0.85 

1000 

Al-Ca 

0.78 

850 

Al-Ca-Zn 

0.5 

600 

Al-Li-Cu-Mg  (8090) 

0.6 

1000 

Al-Cu-LI  (2090) 
Fe-Cr-NI  (IN  744) 


0.5 


1000 


STRAIN  RATS  (PER  SEC) 


FIGURE  l:  VARIATION  IN  FLOW  STRESS  WITH  TEMPERATURE 

AND  STRAIN  RATE  FOR  7R75  (AFTER  HAMILTON  ET  AL  ’ ’ ) 
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ALLOT  PROM 

HOLDING 

FURNACE 


FIGURE  2:  SCHEMATIC  OF  ALUMINIUM  SHEET 
PRODUCTION  ROUTE  fA)  THE 
VERTICAL  SEMI -CONTINUOUS 
DIRECT  CHILL  CASTING  SYSTEM 
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FIGURE  5:  DISTRIBUTION  OF  FINE  SCALE  A1  Zr  FDR 
PINNING  GRAIN  BOUNDARIES  5 


X 1 3000 


riOOTE  8:  SCHEMATIC  PROCESSING  ROUTES  PROM  US  PATENTS 
ILLUSTRATING  TOE  DEVELOPMENT  or  PRACTICABLE 
COMMERCIAL  SCALE  ROUTES  FOR  SUPERPLASTIC 
QUALITY  7*175  SHEET. 
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Effect  of  SuperpUstic  Deformation  on  the  Surface  Roughness  of  Sheet 
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Centre,  Glasgow  (UK)  (092599000  419293)  Technical  memo,  Rept  no:  RAE-TM-MAT/STR- 1112,  Jul  88,  8p,  Monitor. 
DRIC-BR- 108126,  NTIS  Prices:  PC  A02/MF  A0 1 

SPF/DB  1  involves  in  situ  diffusion  bonding  after  the  sheet  has  undergone  large  superplastic  strain.  Bond  quality  depends 
primarily  on  precise  process  control  which  is  based  upon  the  forming  and  bonding  parameters.  Surface  roughness  is  one  of  the 
most  important  parameters  affecting  solid  state  bonds  since  in  practice  increased  surface  roughness  requires  an  increase  in  the 
bonding  time.  Plastic  deformation  is  known  to  increase  the  surface  roughness  of  CP  titanium  sheet,  but  although  an  increase  in 
surface  roughness  has  been  reported  during  superplastic  deformation  of  Titanium-alloy  sheet,  no  roughness  measurements 
were  made.  Ra  values  have  therefore  been  determined  for  titanium  and  aluminum  alloy  sheets  before  and  after  SPF  and  are 
reported  in  this  paper.  Their  significance  for  forming  and  bonding  of  sheet  is  discussed,  (jes) 

Fid:  7 IN,  4 IF  Controlled  terms:  ’Aluminum  alJoys/’Diffusion  bonding/*Plastic  deformation/*Titanium/Bonding/ 
Control/Measurement/Parameters  /  Precision/Quality/Roughness/Sheets/Surface  rough  ness /Time  Uncontrolled  terms: 
•Foreign  technology /*Superplastic  metal  deformation  /  NT1SDODXA/NTISFNUK 

89A28432  NASA  IAA  Journal  Article  Issue  10 

Structural  materials  for  future  aerospace  developments.  Materiales  estmcturales  para  los  futuros  desarrollos  aeroespaciales 

(AA)GARCIA  POGGIO,  JOSE  A.  (Congreso  Nacional  de  Ingenieria  Mecanica.  6th,  Madrid.  Spain.  Dec.  15-18.  1987) 
fngenieria  Aeronautica  y  Astronautica  (ISSN  0020- 1006),  no.  309,  1989,  p.  8-20.  In  Spanish.  890000  p.  13  refs  54  In:  SP 
(Spanish)  p.  1453 

A  comprehensive  evaluation  is  presented  of  the  state-of-the-art  and  prospective  developments  in  high  strength /weight 
and  heat-resistant  materials  applicable  to  the  primary  and  secondary  airframe  structures  of  such  advanced  aerospacecraft  as 
those  of  tilt-rotor  VTOL,  high-altitude  solar  propulsion,  SST.  and  hypersonic  cruise  type;  large,  complex  satellites.  OTVs.  and 
the  manned  NASA  Space  Station  are  additional  fields  of  application.  The  materials  discussed  are  Al-Li  alloys,  ceramic  fiber- 
reinforced  metal-matrix  composites,  high  service  temperature  Al-Cr-Fe  alloys  produced  by  vapor-phase  condensation, 
mechanically  alloyed  A1  alloys,  ARALL  laminates,  and  superalloys  and  ceramics  for  propulsion-system  applications.  O.C. 

Category  code:  23  (chemistry/materials)  Controlled  terms:  ’AIRCRAFT  CONSTRUCTION  MATERIALS  /*HEAT 
RESISTANT  ALLOYS  /*  HIGH  STRENGTH  ALLOYS  /’SPACECRAFT  CONSTRUCTION  MATERIALS 
ALUMINUM  ALLOYS/LAMINATES/LITHIUM  ALLOYS  /  SUPERPLASTICITY/USER  REQUIREMENTS  / 
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Deformation  of  Electron  Beam  Welded  Ti-6AI-4V  Alloy  Sheet  under  Superplastic  Conditions 

Partridge.  P.  G.;  Dunford,  D.  V.  Royal  Aerospace  Establishment.  Farnborough  (England).’Defence  Research  Information 
Centre.  Glasgow  (UK)  (092599000  419293)  Technical  memo.  Rept  no:  RAE-TM-MAT/STR- 1 109.  Jul  88.  Kp.  Monitor. 
DRIC-BR- 108269.  NTIS  Prices:  PC  A02/MF  A01 

Electron  beam  welds  in  Ti-6A)-4V  sheet  deformed  under  superplastic  conditions  were  less  supcrplastic  and  deformed 
less  than  the  adjacent  sheet.  This  caused  severe  local  thinning  of  the  sheet  when  the  weld  direction  deviated  from  the  principal 
strain  direction.  However,  deformation  removed  weld  undercuts  and  caused  acicular  weld  microstructures  to  become  more 
like  the  equiaxed  sheet  microstructure.  The  implications  for  the  superplastic  forming  of  components  from  welded  sheet,  bar 
and  extrusions  are  discussed.  Great  Britain.  (JES) 

Fid:  7 1 N  Controlled  terms:  ’Deformation/’Welds/’Sheets/EIectron  beams/  Extrusion/Microstructurc/Deformation/ 
Electron  beams/Extrusion  /  Micro-structure/Uncon/rolled  terms:  ’Foreign  technology  /Titanium  /Aluminum  ' 
Vanadium/’Plastic  properties/NTlSDODXA/NTISFNUK 
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Diffusion  Bonding  Titanium  Structures  for  Aeroengine  Components. 

Fitzpatrick,  G.  A.  Rolls-Royce  Diffusion  Bonding;  Cranfield,  UK;  7-8  July  1 987;  Cranfield  Institute  of  Technology,  School  of 
Industrial  Science;  Cranfield,  Bedford  MK43  0AL,  UK;  1987;  8906-72-0288;  253-258;  in  English 

Solid-state  diffusion  bonding,  a  joining  process  which  is  being  actively  developed  by  Rolls-Royce  for  the  manufacture  of 
Ti  fabrications,  sometimes  in  conjunction  with  superplastic  forming,  is  described.  Examples  to  date  include  panel  structure 
with  varying  internal  configurations,  and  hollow  vane/blade  constructions.  Chemically  machined  surfaces,  high  applied 
pressures  and  elevated  temperatures  have  been  found  necessary  to  effect  a  sol iu -state  diffusion  bond  in  these  Ti  alloy 
assemblies.  As  the  understanding  of  the  manufacturing  control  of  solid-state  diffusion  bonding  for  Ti  alloy  components  and  its^ 
effect  on  bond  performance  is  established,  together  with  the  development  of  suitable  verification  techniques  whech  guarantee 
product  integrity,  then  Rolls-Royce  will  utilise  the  process  in  the  manufacture  of  several  aeroengine  components.  Applications 
already  identified  include  lightweight  fabrications,  particularly  where  SPF/DB  techniques  are  employed  in  conjunction  with 
other  advanced  fabrication  processes  and/or  advanced  materials.— AA 

Category:  55  Controlled  Terms:  Titanium  base  alloys/Bonding/ Diffusion  welding/ Aerospace  engines /Superplastic 
forming/Li  quid  phases 
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AD-A20I  732/5/XAD  NTIS 

DtfcntdM  of  Extruded  Tttaelum  AJfoyi  Uwdcr  Supespleatfc  CsadWoee 

Dunford,  0.  V.;  Partridge,  P.  G.  Royal  Aerospace  Establishment,  Farnborough  ( England  j'Defence  Research  Information 
Centre,  Glasgow  (l/K)  (092J99000  419293)  Technical  memo,  Rept  no:  RAE-TM-MAT/STR- 1 1 1 1.  Jul  88,  9p.  Monitor 
DRIC-BR-1081 12,  NTIS  Prices:  PC  A02/MF  A01 

The  potential  cost  and  weight  savings  associated  with  superptasdc  forming  of  thin  T1-6A 1 -4V  sheet  structures  ( 1 )  has  led 
to  increased  interest  in  the  forming  of  other  product  forms  such  as  bar  and  extruded  sections.  However,  compared  with  thin 
sheet,  extruded  Ti-6A  1 -4V  alloy  has  a  coarser  and  less  uniform  microstructure  which  would  tend  to  be  leu  superptasdc  than 
sheet  The  M-values,  mkrosrructure  and  deformation  behaviour  of  an  extruded  U -channel  section  in  IM1 550  and  (Ml  3 1 8  has 
been  studied  under  conditions  that  produce  superplasticity  in  these  alloys  in  thin  sheet  form.  The  results  are  compared  with 
those  obtained  for  bar  and  sheet.  Great  Britain,  (jes) 

Fid:  7IN  Controlled  terms:  'Alloys/'Extrusion/'Microstructure/'Plastic  properdes/Costs/Deformation/Sheets/ 
Thinness/Titanium  alloys/Weight  reduction/Uncon trolled  terms:  'Foreign  techoology/NTISOODXA/NTISFNUK 

46-0 1 1 8  METADEX  Issue  8906 

Titanium:  the  Right  Stuff  for  Land,  Air  and  Sea. 

Hum,  M.  Mater.  Eng.  (Cleveland)  Oct.  1 988;  1 05,  ( 1 0);  45-49;  ISSN  0025-53 1 9;  in  English 

The  recent  developments  of  Ti  (e.g  Ti-6AI-4V,  Ti-6242S,  Ti- 1 1 00,  Ti-3A1-2.5V,  Tt-3Al-8V-6Cr-4Zr-4Mo)  metallurgy 
are  discussed  in  terms  of  ingot  casung,  forging,  rapid  solidification  and  powder  metallurgy  for  applications  in  the  automotive, 
aerospace,  marine  and  energy  industries.  Further  improvements  are  outlined,  which  include  hot  isostatic  pressing  of 
investment  casting  for  engine  frame,  thermochemiaal  heat  treatment  to  refine  microstructures  and  development  of  tool 
materials  to  overcome  the  machining  difficulty  ,-B.C. 

Category:  46  Controlled  Terms:  Titanium  base  alloys/ Alloy  development  /  Sponge  metal/Powdcr  metallurgy/ 
Investment  casting/Superplastic  forming  /  Aircraft  Components/Materials  selection  Alloys:  Ti-6A1-4V  / 

Ti-6Al-2Sn-4Zr-2Mo-0. 1  Si/Ti6242S/ri-3AI-2.t  VZTi  1 1 00  An  /  Ti-3  Al-8V-6Cr-4Zr-4Mo/Tl 

46-0109  METADEX  Issue  8905 

New  Light  Aluminium  Alloys. 

Ferton,  D.  Cegedur  Pechiney  8th  International  Light  Metals  Congress  (8  Internationale  Leichmetalltagung);  Leoben/Vicnna. 
Austna:  22-26  June  1987;  Auuminium-Verlag  GmbH;  Konigsallee  30.  D-4000  Dusseldorf  1,  FRG;  1987;  8905-72-0247; 
738-743;  in  English 

Conventional  AI  alloys  can  be  still  potentially  improved,  especially  their  engineering  properties.  This  is  particularly  true 
of  their  superplastic  forming  capacity.  Al-Li  alloys  provide  a  1 5%  weight  saving  while  meeting  the  other  properties  required  for 
aerospace  applications.  Aluminium  powder-made  alloys  become  extremely  interesting  at  room  and  elevated  temperatures. 
Aluminium  metal  matrix  composites  represent  an  important  departure  from  the  development  of  A)  alloys,  with  a  100% 
increase  in  some  properties.  There  is  no  doubt  that  AI  and  new  Al  alloys,  possibly  combined  with  other  materials,  will  remain 
the  major  component  of  numerous  applications.  1 3  ref.-AA 

Category:  46  Controlled  Terms:  Aluminum  base  alloys/ Alloy  development/Powdet  metallurgy/Dispersion  hardening 
alloys/Composite  materials/  Alloying  elements  Alloys:  7075/A1-2.5LH  IBe  2091/2214/CP276/AL 

89N 16034  NASA  STAR  Technical  Report  Issue  08 

Superplastic  forming  of 8091  aluminum  lithium 

Report,  Apr.  1987  -  Jun.1988  (AA)ANTONE,  C.  E.;  (AB)MARTIN,  G.  R.;  (AC)GHOSH.  A.  K.;  (AD)GANDHI,  G 
Rockwell  International  Corp.,  Los  Angeles,  CA.  (RY232014)  Aircraft  Div.  AD-A200364;  AFWAL-TR-88-3074  F33615- 
87-C-3223  880621  p.  18  In:  EN (English)  Avail:  NTIS HC  A03/MF  A0I  p.1051 

Aluminum-Lithium  alloys  have  been  introduced  to  the  Aerospace  community  as  a  way  to  decrease  weight  and  improve 
stiffness  over  conventional  aluiinum  alloys  for  structural  components.  A  manufacturing  method  which  as  created  a  great  deal  of 
interest  for  Al-Li  aerospace  applications  is  the  fabrication  of  net  shape  parts  by  superplastic  forming  (SPF).  Aluminum- 
Lithium  alloys  present  some  unique  handling  problems  and  fabrication  challenges  for  established  practices  in  superplastic 
forming  This  paper  will  discuss  the  manufacturing  challenges  and  approaches  of  forming  809 1  AlLi  by  SPF  and  provide  a  brief 
overview  into  the  material  characteristics  which  make  8091  a  successful  candidate  for  SPF  aircraft  parts.  GRA 

Category  code;  26  (metallic  materials)  Controlled  terms:  'ALUMINUM  ALLOYS  /'FORMING  TECHNIQUES  / 
'LITHIUM  ALLOYS  /*  MANUFACTURING  /*SUPERPLASTICITY  /  AEROSPACE  SYSTEMS/AIRCRAFT 
PARTS/FIGHTER  AIRCRAFT/STIFFNESS/WEIGHT  REDUCTION/ 
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89  A 1 505 1  NASA  I AA  Meeting  Paper  Issue  03 

Superplasticity  in  aerospace 

Proceedings  of  the  TopicaJ  Symposium,  Phoenix,  A Z,  Jan.  25-28,  1988  (AA)HEIKKENEN,  H.  CHARLES; 
(AB)MCNELLEY,  TERRY  R.  (AA)ED.;  (AB)ED.  (AAXGeneral  Dynamics  Corp.,  Fort  Worth.  TX);  (ABXU.S.  Naval 
Postgraduate  School.  Monterey.  CA)  Symposium  sponsored  by  the  Metallurgical  Society  of  AIME.  Warrendale,  PA, 
Metallurgical  Society.  Inc.,  1 988,  38 1  p.  For  individual  items  see  A89- 1 5052  to  A89- 1 507 1 . 880000  p.  38 1  In:  EN  (English) 
Members,  $49.;  nonmembers,  $90  p.292 

The  present  conference  on  emerging  applications  of  superplastically  formable  materials  discusses  the  superplastic 
deformation  mechanisms  of  aluminum  alloys,  microstructural  evolution  in  a  P/M  7xxx  Al  alloy,  fine-grained  superplasticity  at 
300  C  in  a  wrought  Al-Mg  alloy,  and  the  extended  ductility  of  Al  and  alpha-Fe  alloys  through  dynamic  recovery  mechanisms. 
Also  discussed  are  models  for  superplastic  forming  under  axisymmetric  and  plane-strain  conditions,  cavitation  failure  in 
superplastic  alloys,  the  effects  of  void  formation  on  superplastic  7475  Al  alloy  mechanical  properties,  superplasticity  in  SiC 
whisker- reinforced  Al  alloys  and  mechanically-alloyed  Al  aerospace  alloys,  the  effect  of  microstructure  on  Al-Li-X  alloys’ 
superplastic  behavior,  and  hollow  Ti-alloy  turbofan  blades’  superplastic  forming.  O.C. 

Category  code:  26  (metallic  materials)  Controlled  terms:  •AIRCRAFT  CONSTRUCTION  MATERIALS  / 
•CONFERENCES  /‘FORMING  TECHNIQUES  /‘SPACECRAFT  CONSTRUCTION  MATERIALS 
•SUPERPLASTICITY/ ALUMINUM  ALLOYS/DIFFUSION  WELDING/FAILURE  MODES  /  HEXAGONAL 
CELLS/LITHIUM  ALLOYS/METAL  WORKING/MICROSTRUCTURE/PLASTIC  DEFORMATION/TURBINE 
BLADES  / 

AD-A200  732/6/XAD  NTIS 

International  Conference  on  Superplasticity  and  Superplastic  Forming 

Hamilton,  C.  H.;  Paton.  N.  E.  Washington  State  Univ..  Pullman.*Air  Force  Office  of  Scientific  Research.  Bolling  AFB.  DC 
(015416000  369850)  Final  rept.  1-4  Aug  88,  9  Aug  88,  23p,  Grant:  AFOSR-88-0 1 58,  Project:  2306  .  Task:  Al,  Monitor 
AFOSR-TR-88-1079.  Prepared  in  cooperation  with  Rockwell  International.  Canoga  Park.  CA.  NTIS  Prices:  PC  A03/MF 
A01 


It  was  apparent  from  the  papers  presented  that  the  research  and  development  activity  in  the  area  of  superplasticity  and 
superplastic  forming  is  of  substantial  interest  world-wide,  and  a  number  of  papers  reported  results  that  are  considered  to  be 
significant  and  which  may  point  the  direction  for  future  research  that  should  prove  fruitful.  Noteworthy  among  these  are  ( 1 )  the 
activities  addressing  high  rate  superplasticity,  through  both  alloy  development  and  process  concept  studies.  (2)  computer 
modeling  of  the  SPF  process,  including  finite  element  methods  coupled  with  3-D  color  graphics  displays  of  thinning 
characteristics.  (3)  superplasticity  in  ceramic  and  intermetallic  compound  materials,  (4)  solid-state  joining  (diffusion  bonding) 
of  aluminum  alloys,  (5)  demonstration  that  there  are  microstructural  concepts  other  than  that  of  fully  recrystallized  structure 
which  can  lead  to  superplasticity,  especially  at  high  rates,  and  (6)  significant  extension  in  the  state  of  understanding  of  the 
interrelationship  between  microstructural  dynamics  and  superplastic  properties. 

Aerospace  equipment,  Material  forming,  Superplastic  forming.  Airframes.  Fabrication.  Titanium  alloys.  (JES)  Fid:  5 1C. 
7 ID.  7 IN  Controlled  terms:  ‘Aerospace  systems/* Airframes/*Aluminum  alloy s/*Ceramic  materials  /  ‘Computerized 
simulation/*Intermetallic  compounds/*Materials  /  *Microstructure/*Plastic  properties/*Titanium  alloys/ Addressing/Alloys 
Diffusion  bonding'Dynamics/Finile  element  analysis/High  rate  International /Joining/Material  forming/Solid  state 
electronics  /  Symposia  Uncontrolled  terms:  NTISDODXA/NTISDODAF 

89A1 3001  NASA  IAA  Journal  Article  Issue  03 

Principles  of  superplastic  diffusion  bonding 

(AA)MAEHARA,  Y.;  (AB)KOMIZO.  Y.:  (AC)LANGDON,  T.  G.  ( ABXSumitomo  Metal  Industries.  Amagasaki.  Japan): 
(AC)(Southem  California,  University,  Los  Angeles,  CA)  NSF  DMR-85-03224  Matenals  Science  and  Technology  (ISSN 
0267-0836),  vol.  4,  Aug.  1 988,  p.  669-674.  880800  p.  6  refs  50  In:  EN  (English)  p.334 

Superplastic  diffusion  bonding,  which  is  growing  in  commercial/industrial  importance  in  aerospace  manufacturing,  may 
occur  in  connection  with  either  transformation  or  isothermal  superplasticity.  The  nature  of  these  two  processes  are  presently 
characterized,  with  a  view  to  their  most  advantageous  applications.  An  account  is  given  of  the  structural  design  features 
germane  to  superplastic  forming  in  conjunction  with  diffusion  bonding,  for  the  case  of  such  materials  as  Ti-6AI-4V.  Since  the 
bonding  zone  microstructure  may  undergo  refinement  as  a  result  of  dynamic  recrystallization,  overall  properties  are  not 
degraded  by  the  welding  process.  O.C. 

Category  code:  37  (mechanical  engineering)  Controlled  terms:  ‘DIFFUSION  WELDING  /‘ISOTHERMAL 
PROCESSES  /‘PRESSURE  WELDING  /‘SINTERING  /‘SOLID  STATE  /‘SUPERPLASTICITY  FUSION  WELDING 
MECHANICAL  PROPERTIES/MICROSTRUCTURE  PLASTIC'  DEFORMATION 
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46-0049  METADEX  Issue  8903 

New  Frontiers  in  Supertight  Alloys. 

Hunt,  M.  Mater.  Eng.  (Cleveland)  Aug.  1988;  29-32;  ISSN  0025-53 19;  in  English 

Al— Li  alloys  and  magnesium  alloys  are  being  used  in  lightweight,  high  stiffness  artificial  limb  components.  These  alloys 
were  developed  for  the  aerospace  applications.  Alcoa's  2090  is  an  Al— Li  alloy  with  7%  lower  density  and  1 0%  higher  Y oung's 
modulus  than  7075.  This  alloy  is  substituted  for  7075  extrusions  for  McDonnell  Douglas  MD- 1 1  wide  cabin  tri  jet  floor  beams. 
Alcoa's  X8092  can  be  substituted  for  7075  plate.  The  X8092  is  8%  lower  in  density  and  9%  higher  in  Young's  modulus  than 
the  7075.  Kaiser's  Al— Li  alloys  contain  Mg  and  Cu  for  a  better  combination  of  strength,  density,  toughness,  and  corrosion.  The 
alloy  is  available  in  extrusions,  forgings,  sheet,  and  plate.  AUied-Signal  is  making  up  to  5%  Li  Al  alloys  with  rapidly  solidified 
powders.  Zinc  is  added  to  reduce  grain  size.  Table  show  the  range  of  alloy  compositions  and  the  resulting  strength,  toughness 
and  density.  With  the  addition  of  Li  in  the  alloys,  the  welding  must  be  done  to  remove  all  hydrogen  from  the  welding 
environment.  Al— 4Mg  alloys  are  being  developed  for  superplastic  forming  applications.  The  alloy  ductility  is  limited  by  the 
formation  of  Al  sub  8Mg  sub  5  at  the  grain  boundaries.  Amax  has  improved  the  corrosion  resistance  of  Mg  by  limiting  the  Cu 
and  Ni  to  0.25  and  0.01%.  The  3.2%  maximum  for  Mn  provides  the  corrosion  resistance.  Dow  and  Allied-Signal  are 
developing  Mg— Si  alloys  for  thixotropic  injection  molding  (of  granules)  and  rapidly  solidified  powders.  A  table  details  the 
properties  of  Mg  casting  alloys.  — R.L. A. 

Category:  46  Controlled  Terms:  Aluminum  base  alloys/ Alloy  development  /  Lithium/ Alloying  elements/Weldability/ 
Magnesium/ Alloying  elements  /  Magnesium  base  alloys/Alloy  development/Density/AUoying  effects/Tensile 
properties/  Alloying  effects/Toughness/ Alloying  effects/Superplasticity  Alloys:  2090/7075/X8092/Kalite/905X6/AI-4Mg- 
1 ,3Li- 1 . 1  Cu-0.50/9052  /  AI-4Mg- 1 . 1  Cu-0.5O/AI-3.4Li-0.8Cu-0.4Mg-0.5Zr/AL/Mg-8.9AI- 1 ,7Si- 1 . 1  Mn-0.8Zn  / 
ZE4 1 A/ZE3  3A/AZ9 1 /AM60/AS4 1 /MG 

62-0074  METADEX  Issue  8902 

Superplasticity  in  Silicon  Carbide  Reinforced  Aluminum  and  Mechanically  Alloyed  Aluminum  Aerospace  Alloys. 

Chokshi,  A.  H.;  Bieler,  T.  R.;  Nieh,  T.  G.;  Wadsworth,  J.;  Mukherjee.  A.  K.  University  of  California,  Lockheed  Missiles  and 
Space.  Superplasticity  in  Aerospace;  Phoenix,  Arizona,  USA;  25-28  Jan.  1988;  The  Metallurgical  Society/ AIME;  420 
Commonwealth  Dr.,  Warrendale.  Pennsylvania  1 5086,  USA;  1988;  8902-72-0074;  229-245;  in  English 

The  addition  of  silicon  carbide,  in  either  whisker  or  particulate  form,  improves  the  ambient  temperature  strength  and 
stiffness  of  Al-based  alloys.  Recent  studies  have  shown  that,  after  appropriate  thermo-mechanical  treatment,  it  is  possible  to 
induce  superplastic-like  behavior  in  such  composites.  In  particular,  a  silicon  carbide  whisker  reinforced  2 1 24  Al  composite  has 
been  processed  to  exhibit  large  elongations  to  failure  of  the  order  of  300%  at  relatively  high  strain  rates  of  approx  I  s  exp  —  I . 
New  results  are  described  to  evaluate  the  effect  of  silicon  carbide  whiskers  on  the  high  temperature  deformation  of  the  2 1 24  Al 
alloy.  Recently,  studies  have  demonstrated  that  some  mechanically  alloyed  Al  alloys  can  also  exhibit  superplastic 
characteristics  with  high  elongations  to  failure  of  approx  500%  at  high  strain  rates  of  up  to  approx  10  s  exp  —1  .  The 
experimental  results  on  these  new  Al-based  alloys  are  described  and  reviewed  with  reference  to  superplasticity  in  conventional 
monolithic  Al  alloys.  30  ref.— AA 

Category:  62  Controlled  Terms:  Aluminum  base  alloys/Composite  materials  /  Silicon  carbide  /  Composite  materials/ 
Fiber  composites/Mcchanical  properties/Superplasticity /Strain  rate/Elongation.  Alloys:  2 1 24/ AL 

52-022 1  METADEX  Issue  8902 

The  Superplastic  Fanning  of  Sheet  Metals. 

Balbach,  R.;  Pross,  K.  Universitat  Stuttgart  Blech  Rohre  Profile  May  1988;  35,  (5);  335-337;  ISSN  0006-4688;  in  German 

Superplastic  forming  is  exercised  for  various  alloys,  including  Ti  Ti6A14V  and  Al  A16Zn2Mgl.5Cu,  at  approx  30% 
below  the  melting  point  of  the  metal.  During  superplastic  forming,  the  material  is  elongated  at  a  rate  of  800- 1 000%.  The  most 
important  requirement  is  a  small  particle  size,  with  a  10  mu  m  maximum.  The  superplastic  forming  methods  are  primarily 
employed  in  the  aerospace  industry  for  the  low  volume  production  of  special  parts.  6  ref.— FJ.B. 

Category:  52  Controlled  Terms:  Titanium  base  alloys/Forming/ Aluminum  base  alloys/Forming/Airframes/Forming/ 
Superplastic  forming/Microstructure.  Alloys:  Ti-6Al-4V/TI/A16Zn2Mgl  ,5Cu/7475/AL 

52-0219  METADEX  Issue  8902 

Production  of  Acfoapuce  Parts  Using  Si^crplaitk  Forming  and  Diffusion  Bonding  of  Titanium. 

Anderson. T.  T.;  Hislop,  L.  Flameco  Engineering.  Superplasticity  in  Aerospace;  Phoenix,  Arizona,  USA;  25-28  Jan.  1 988; The 
Metallurgical  Society/ AIME;  420  Commonwealth  Dr..  Warrendale,  Pennsylvania  1 5086,  USA;  1 988;  8902-72-0074;  345- 
360;  in  English 

Superplastic  forming  (SIT),  the  most  recent  advancement  in  sheet  metal  fabrication  technology,  exploits  the  unique 
characteristics  of  the  materials  to  undergo  elongation  of  750- 1 1 00%.  Ti— 6  Al— 4V  exhibits  this  desired  material  behavior  and 
is  now  being  used  to  fabricate  complex  configurations  not  otherwise  possible  by  conventional  methods.  Flameco  Engineering. 
Inc.  is  currently  engaged  in  the  manufacturing  of  a  number  of  production  parts  using  the  superplastic  forming  and  diffusion 
bonding  technology,  using  a  variety  of  monolithic  components,  most  of  which  are  of  one.  two,  three,  or  more  sheet  hollow 
structures.  7  ref.— AA 


Category:  52  Controlled  Terms  Titanium  base  allots  MclaJ  working  Aerospace  Supcrplastic  forming  Diffusion 
welding,/ Aircraft  components  Metal  working  Alloys:  Ti-6AM\  T1 

52-0218  METADEX  Issue  8902 

Supcrplastic  Forming  of  Inconel  71®. 

Mahoney,  M.  W.;  Crooks,  R.  Rockwell  International  Science  Center  SupcrpbMicm  in  Aerospace.  Phoenix.  Arizona.  USA; 
25-28  Jan.  1988:  The  Metallurgical  Society  AIM!'.  4  2»  Common  wealth  l>r  .  Warrendale.  Pennsylvania  1  5086,  USA;  1988; 
8902-72-0074;  33 1-344;  in  English 

There  is  interest  in  the  use  of  high  temperature  alloys  for  reentry  type  aerospace  vehicles  and.  concurrently,  in  the 
development  of  new  manufacturing  techniques  to  economically  fabneate  these  alloys  into  usable  shapes  Although  Inconel  7 1 8 
is  not  suitable  for  use  in  the  most  severely  heated  locations,  it  is  a  promising  material  candidate  for  potential  fabrication  of  hot 
surface  locations  where  temperatures  remain  <  700  deg  C.  The  work  presented  illustrates  that  Inconel  7 1 8.  specially  fabricated 
as  fine  grain  thin  foil  (<  0.5  mm  thick),  can  be  highly  superplastic  Supcrplastic  properties  such  as  flow  stress  characteristics, 
strain  rate  sensitivity  and  total  uniform  elongation  for  both  wrought  and  powder  produced  alloys  arc  presented  and  discussed. 
Also,  micros trucfural  features  such  as  gram  size  stability,  cavitation  and  an  evaluation  of  grain  structures  following  superplastic 
forming  are  presented.  For  many  properties,  the  wrought  and  powder  alloys  were  very  similar.  However,  the  wrought  alloy 
proved  to  be  significantly  superior  to  the  powder  alloy  in  total  elongation  (500  vs.  150%.  respectively)  and  exhibited 
considerably  less  cavitation  after  superplastic  forming.  Evidence  suggests  that  dynamic  recrystallization  occurs  during 
superplastic  forming,  with  flow  behavior  controlled  by  dislocation  motion.  20  ref  —  AA 

Category:  52  Controlled  Terms:  Nickel  base  ailoys/Metal  working/Superalloys  /  Metal  working/Supcrplastic  forming/ 
Spacecraft/Strain  rate/Cavitation  /  Powder  metallurgy  parts/Mctal  working/Grain  size.  Alloys:  Inconel  7 1 8/NI  /  SP 

52-0216  METADEX  Issue  8902 

Advances  in  Superplastic  Aluminum  Forming. 

Barnes,  A.  J.  Superform  USA  Superplaslicity  in  Aerospace;  Phoenix.  Arizona.  USA;  25-28  Jan.  1988;  The  Metallurgical 
Society/AIME;  420  Commonwealth  Dr.,  Warrendale,  Pennsylvania  1 5086,  USA;  1 988;  8902-72-0074;  30 1  -3 1 3;  in  English 

The  development  of  supcrplastic  Al  forming  from  its  early  beginning  to  its  current  status  illustrates  the  increasing  use  of 
this  technology  by  the  aerospace  industry.  The  emergence  of  newer  alloys,  such  as  Supral  220.  SP7475.  8090  and  2090. 
heralds  an  expansion  into  more  structural  applications.  The  significance  of  process  developments,  such  as  hack  pressure 
forming  and  diffusion  bonding,  are  discussed  and  the  importance  of  designing  for  SPF  is  emphasized.  8  ref  — AA 

Category:  52  Controlled  Terms:  Aluminum  base  ailoys/Metal  working  /  Superplaslic  forming/ Aircraft  components 
Metal  working/Bonding.  Alloys:  Supral  220/7475/8090/2090/ AL 

52-0212  METADEX  Issue  8902 

Cavitation  in  Aluminium  Alloys  During  Superplastic  Flow. 

Pilling,  J.;  Ridley.  N.  Michigan  Technological  University.  UMIST.  Superplasticity  in  Aerospace;  Phoenix.  Arizona.  USA;  25- 
28  Jan.  1988;  The  Metallurgical  Society/AIME;  420  Commonwealth  Dr..  Warrendale,  Pennsylvania  15086.  USA;  1988; 
8902-72-0074;  1 83- 1 98;  in  English 

Commercially  important  Al  alloys  (7475,  Supral  220)  are  prone  to  cavitation  during  superplastic  flow.  Cavities  either 
nucleate  at  grain  boundary  sites  or  pre-exist  and  their  subsequent  growth,  coalescence  and  interlinkage,  leads  to  premature 
failure.  The  presence  of  cavities  in  superplastically  formed  parts  may  have  an  adverse  effect  on  their  mechanical  properties, 
while  the  existence  of  cavities  in  load  bearing  components,  particularly  for  aerospace  applications,  is  dearly  undesirable. 
Several  studies  show  that  cavity  growth  is  determinedprimarily  by  matrix  plastic  flow  and  that  coalescence  plays  an  important 
part  in  the  development  of  large  cavities.  Hence,  to  prevent  cavitation,  it  is  necessary  to  inhibit  the  n  nucleation  event  and  to 
avoid  the  presence  of  pre-existing  defects  by  care  fill  control  of  the  processing  required  to  develop  the  superplastic  micro 
structure.  The  influence  that  microstructural  features,  such  as  grain  size  an  d  second  phase  particles,  and  deformation 
parameters,  such  as  strain  rate  and  tern  perature.  have  on  cavity  nucleation  is  discussed.  It  is  dear  that  it  will  he  difficult  to 
control  the  various  factors  so  as  to  totally  prevent  cavitation  damage  during  superplastic  forming,  without  the  use  of  additional 
remedial  procedures.  35  ref— AA 

Category:  52  Controlled  Terms:  Aluminum  base  ailoys/Metal  working  /  Superplastic  forming/Cavitation/Dcformation 
effects/Grain  size/Strain  rate.  Alloys:  7475 /Supral  220/ AL 

52-0211  METADEX  Issue  8902 

Analysis  of  the  Cone  Test  to  Evaluate  Superplastic  Forming  Characteristics  of  Sheet  Metal. 

Goforth,  R.  E.;  Chandra,  N.  A.;  George,  D.  Texas  A&M  University,  Florida  State  University.  LTV  Aerospace.  Superplastidty 
in  Aerospace;  Phoenix,  Arizona.  USA;  25-28  Jan.  1988;  The  Metallurgical  Society/AIME;  420  Commonwealth  Dr.. 
Warrendale,  Pennsylvania  15086,  USA;  1988;  8902-72-0074;  149-166;  in  English 

The  laboratory  cone-forming  test  was  developed  for  the  purpose  of  evaluating  the  superplastic  forming  characteristics  of 
Ti  alloys.  The  conical  die  was  designed  with  a  constant  cone  angle  of  5  7-58  deg .  In  reality,  the  true  strain  rate  varies  throughout 
the  test  and  only  average  values  are  obtained.  This  might  be  suffident  for  comparing  the  relative  spf  characteristics  of  certain 
materials;  however,  for  the  purpose  of  establishing  material  parameters  to  be  input  into  analytical  process  models,  it  leaves 
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much  to  be  desired.  It  should  also  be  pointed  out  that  Ti  is  much  more  tolerant  to  variations  in  strain-rate  during  the  spf  process 
than,  for  example,  the  Al  spf  alloys.  A  modified  cone- test  which  will  assure  a  constant  true  strain-rate  throughout  the  complete 
test  is  proposed.  During  the  first  stage  of  the  test,  a  pressure— time  cycle  is  developed  which  will  assure  a  constant  strain  rate. 
The  die  is  designed  with  a  varying  cone  angle,  assuring  a  constant  strain  rate  with  a  constant  pressure  throughout  the  second 
stage  of  the  test.  Materials  tested  using  the  modified  cone  test  include:  2090  and  8090  Al— Li  alloys.  1 2  ref.— AA 

Category:  52  Controlled  Terms:  Titanium  base  alloys/Metal  working/ Aluminum  base  alloys/Metal  working/ 
Superplastic  forming/Testing/Strain  rate.  Alloys:  2090/8090/AL 

52-0209  METADEX  Issue  8902 

The  Forming  Behaviour  of  Commercially  Available  Superplastic  Aluminium  Alloys. 

Grimes,  R.;  Butler,  R.  G.  British  Alcan  Aluminium,  Superform  Metals  Superplasticity  in  Aerospace;  Phoenix,  Arizona,  USA; 
25-28  Jan.  1988;  The  Metallurgical  Society/ AIME;  420  Commonwealth  Dr.,  Warrendale,  Pennsylvania  15086,  USA;  1988; 
8902-72-0074;  97-1 1 3;  in  English 

The  forming  behaviour  of  currently  commercially  available  superplastic  Al  alloys  is  assessed  in  uniaxial  and  biaxial 
forming  tests.  Of  the  alloys  assessed,  those  based  on  the  original  Al— 6Cu— 0.4Zr  (Supral)  system  exhibited  considerably 
greater  superplastic  capability  over  a  wider  temperature  range  and  at  higher  strain  rates  than  any  of  the  other  alloys.  7475E, 
however,  was  capable  of  achieving  the  highest  strength  and  had  a  flow  stress  of  about  one-half  (  approx  5  MPa)  that  of  the 
Supral  alloys.  From  the  point  of  view  of  structural  aerospace  use,  the  Al— Li  based  alloy,  8090,  appears  most  attractive  since  its 
low  quench  sensitivity  and  high  forming  temperature  allow  simultaneous  component  manufacture  and  solution  treatment 
without  the  need  for  water  quenching.  A  number  of  Al— Mg  alloys  suitable  for  trim  applications  are  also  assessed.  None  of 
these  possessed  a  superplastic  capability  matching  the  main  Supral  alloys.  Nevertheless,  the  alloy  Formall  548  gave 
encouraging  results  and.  with  somewhat  improved  superplastic  capability,  could  be  suitable  for  many  trim  components.  6  ref  — 
AA 


Category:  52  Controlled  Terms:  Aluminum  base  alloys/Metal  working  /  Superplastic  forming/Formability/Ductility/ 
Temperature  effects  /  Microstructure.  Alloys:  8090/Supral  220/Supral  100/Supral  5000/7475  /  Formall  700/Formall 
545/Formall  548/AL 

31-0630  METADEX  Issue  8902 

Memory  Metal:  Properties  and  Applications. 

Besselink,  P.  A.  Constructeur  Aug.  1 987;  26,  (8);  28-37;  ISSN  0010-6658;  in  Dutch 

Memory  alloys,  which  exhibit  superplasticity,  are  finding  increasing  applications,  especially  in  Japan.  In  the  Netherlands, 
the  interest  has  concentrated  on  the  TiNi  alloys,  which  have  the  best  mechanical  properties:  Their  structures  are  austenitic 
(high  temperature)  and  martensitic  (low  temperature)  the  reversible  transformation  occurring  with  a  hysteresis.  The  electrical 
properties  change  sharply  during  the  transformation.  The  main  applications  are  in  medical  technology,  aerospace,  robots, 
instruments,  fasteners,  energy  conversion,  sensors  and  actuators,  and  consumer  goods.  The  compositions,  properties, 
fabrications  and  future  outlook  of  the  alloys  are  discussed,  with  examples  of  current  applications.— H.S 

Category:  3 1  Controlled  Terms:  Titanium  base  alloys/Mechanica)  properties  /  Nickel/ Alloying  elements/Shape  memory 
alloys/Mechanical  properties  /  Martensitic  transformations/Magnetic  permeability/Thermal  expansion  /  Resistivity/ 
Mechanical  properties/Microstructural  effects 

31-0475  METADEX  Issue  8902 

Void  Formation  and  Its  Effect  on  Post-Formed  Mechanical  Properties  in  Superplastic  7475  Aluminum  Alloy. 

Eto,  T.;  Hirano,  M.;  Hino,  M.;  Miyagi,  Y.  Kobe  Steel.  Superplasticity  in  Aerospace;  Phoenix,  Arizona.  USA;  25-28  Jan.  1 988; 
The  Metallurgical  Society/AIME;  420  Commonwealth  Dr.,  Warrendale.  Pennsylvania  1 5086,  USA;  1 988;  8902-72-0074; 
199-207;  in  English 

Superplastic  7475  high  strength  Al  alloy  has  been  produced  by  commercial  production  root  ( approx  3  mm  x  1 100  w  x 
2200  L).  It  has  a  fine  grain  of  approx  10  mu  m  in  diameter  and  reveals  >  500%  in  elongation,  deformed  at  5 16  deg  C  with  the 
strain  rate  of  2  x  1 0  exp  —4  s  exp  —  1 .  Using  these  superplastic  7475  Al  alloy  sheets,  the  cavitation  and  post-formed  properties, 
the  most  important  problems  for  their  practical  application,  are  discussed.  The  cavitation  behavior  was  investigated  in  case  of 
both  uniaxial  tension  and  biaxial  forming  such  as  gas  pressure  forming  The  post-formed  mechanical  properties  in  T6,  T76  and 
T73  conditions  were  investigated  in  both  materials  quenched  in  water  and  polymer  qucnchant  to  suppress  distorsion  during 
quenching.  Cavitation  started  at  the  deformation  of  50%  in  elongation  and  was  affected  by  deformation  mode.  The  cavitation  in 
uniaxially  tensile  deformation  was  larger  than  in  biaxial  deformation.  Voids  were  mainly  formed  at  the  triple  point  of  grain 
boundaries,  due  to  the  decohesion  through  their  sliding  during  deformation.  Post-former'  mechanical  properties  of  deformed 
specimens  in  T6,  T76  and  T73  fully  met  those  of  the  minimum  value  specified.  They  also  have  good  corrosion  resistance  in  T76 
and  T73  conditions.  Related  properties  such  as  fatigue  performance  were  good.  The  distortion  in  quenching  operation  was 
suppressed  by  polymer  qucnchant  and  the  post-formed  properties  were  almost  equal  to  that  quenched  in  water.  The  above 
results  lead  to  the  conclusion  that  superplastic  7475  Al  alloy  has  promising  potential  for  practical  applications  to  aerospace.  9 
ref.— AA 

Category:  31  Controlled  Terms:  Aluminum  base  alloys/Mechanical  properties  /  Superplasticity/Voids/Deformation 
effects/Yield  strength/Exfoliation  corrosion.  Alloys:  7475/AL 
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8806-50 305  Compendex 

ADVANCED  MATERIAL  MAKES  FIGHTER  LIGHTER 

Anon.  Mel  Constr  v  19  n  8  Aug  1087  p  444-445  Coden:  MECOD  ISSN:  0307-7806  In  ENGLISH  Refs:  7  refs.  Doc.  Type: 
JOURNAL  ARTICLE  Treatment  Des.:  Applications 

Lital  is  one  of  a  series  of  alloys,  developed  and  patented  by  Alcan  and  the  Royal  Aircraft  Establishment,  which  are  around 
10%  lighter  than  conventional  alloys  of  similar  strength.  Since  these  metals  are  also  stiffer  than  conventional  aerospace  alloys 
they  offer  total  savings  of  1 5%  or  more  in  structure  weight  in  aircraft  designed  to  take  full  advantage  of  their  properties  The 
alloy  has  recently  been  specified  for  the  structural  parts  of  a  European  fighter  aircraft 

Card- A-Lert  Codes:  4 1 5  (Metals,  Plastics,  Wood  and  Other  Structural  Materials)  /  662  (Automobiles  and  Smaller 
Vehides)/541  (Aluminum  and  Alloys)/542  (Beryllium,  Magnesium.  Titanium  and  Other  Light  Metals  and  Ailoys)/549 
(Nonferrous  Metals  and  Alloys  in  Generat)/404  (Civil  Defense  and  Military  Engineering)  Controlled  Terms:  (‘AIRCRAFT 
MATERIALS  -  ‘Light  Metals)  (ALUMINUM  LITHIUM  ALLOYS  -  Applications)/) AIRCRAFT  -  MILITARY  - 
Fighter)  /  (METALS  AND  ALLOYS  -  Superplasticity)/Uncontrolled  Terms:  ADVANCED  LIGHTWEIGHT  ALLOYS/ 
EUROPEAN  FIGHTER  AIRCRAFT 

8806-50368  Compendex 

VERSATILE  METAL-MATRIX  COMPOSITES 

Niskanen.  P.;  Mohn.  W.  R.  Advanced  Composite  Materials  Corp,  Greer.  SC,  USA  Adv  Mater  Processes  v  1 33  n  3  Mar  1 988  p 
39-41  Coden:  AMAPE  ISSN:  0882-7958  In  ENGLISH.  Doc.  Type:  JOURNAL  ARTICLE  Treatment  Des.:  Applications 
GENERAL  REVIEW 

Discontinuous  silicon  carbide  (SiC)  reinforced  aluminum  metal-matrix  composites  (MMC)  are  as  light  as  aluminum  but 
have  higher  strength  and  specific  stiffness.  Some  grades  are  isotropic  and  have  better  compressive  microcreep  resistance  than 
beryllium.  In  addition,  they  can  be  tailored  to  match  the  coefficients  of  thermal  expansion  of  other  materials  including 
beryllium,  stainless  steel,  and  electroless  nickel.  This  class  of  advanced  engineering  materials  which  can  be  forged, 
superplastically  formed,  and  precision  machined  into  complex  shapes,  has  recently  been  qualified  for  use  in  aerospace 
structures,  inertial  guidance  systems,  and  lightweight  optical  assemblies 

Card-A-Lert  Codes:  541  (Aluminum  and  Alloys)/415  (Metals.  Plastics,  Wood  and  Other  Structural  Materials)/652 
(Aircraft)/ 542  (Beryllium.  Magnesium.  Titanium  and  Other  Light  Metals  and  Alloys)/Controlled  Terms:  (‘ALUMINUM 
AND  ALLOYS  —  ‘Metallic  Matrix  Composites)/!  AIRCRAFT  MATERIALS  —  Light  Metals)  /  Uncontrolled  Terms: 
DISCONTINUOUS  SILICON  CARBIDE  REINFORCEMENTS/MECHANICAL  PROPERTIES/FRACTURE 
TOUGHNESS/MODULUS  OF  ELASTICITY/SILICON  CARBIDE  WHISKER  REINFORCEMENTS/ 
DISCONTINUOUS  SILICON  CARBIDE  REINFORCEMENT 

8805-40892  Compendex 

ENGINEERED  METAL  MATRIX  COMPOSITES  FOR  PRECISION  OPTICAL  SYSTEMS 

Mohn.  Walter  R.;  Vukohratovich,  Daniel.  Advanced  Composite  Materials  Corp.  Greer.  SC.  USA.  SAMPE  J  v  24  n  1  Jan-Feb 
1988  p  26-35  Coden:  SAJUA  ISSN:  0036-0813  In  ENGLISH  Refs:  13  (Author  abstract)  13  refs;  Doc.  Type:  JOURNAL 
ARTICLE  Treatment  Des.:  Applications  GENERAL  REVIEW  EXPERIMENTAL 

Discontinuous  silicon  carbide  reinforced  aluminum  metal  matrix  composites  (MMC)  are  a  unique  class  of  advanced 
engineered  materials  which  have  been  developed  and  recently  qualified  for  use  in  aerospace  structures,  inertial  guidance 
systems,  and  lightweight  optical  assemblies.  Such  materials  are  as  light  as  aluminum  but  exhibit  significantly  greater  strengths 
and  specific  stiffness.  Certain  grades  of  these  MMC's  are  isotropic  and  are  more  resistant  to  compressive  microcreep  than 
beryllium;  and  they  can  be  tailored  to  match  the  coefficients  of  thermal  expansion  (CTE)  of  other  materials,  including 
beryllium,  stainless  steel,  and  electroless  nickel.  Since  these  composites  can  be  easily  forged,  superplastically  formed,  and 
precision  machined  into  complex  shapes,  they  are  ideal  for  use  in  the  economical  production  of  stable  optical  systems.  This 
paper  describes  some  of  (he  enhanced  properties  of  engineered  MMC's,  discusses  some  of  the  design  considerations  that  have 
led  to  the  specification  of  these  materials  for  building  an  ultralightweight  telescope,  and  presents  some  interesting  results 
obtained  from  prototype  testing 

Card-A-Lert  Codes:  54 1  (Aluminum  and  Alloys)/94 1  (Acoustical  and  Optical  Measuring  Instruments)/53 1  (Metallurgy 
and  Metallography)/74l  (Light.  Optics  and  Optical  Devices)/812  (Ceramics  and  Refractories)/ControlIed  Terms: 
(‘ALUMINUM  AND  ALLOYS  -  ‘Metallic  Matrix  Composites)/(  OPTICAL  INSTRUMENTS  -  Materials)/ 
(TELESCOPES  -  Materials)/SILICON  CARBIDE/(METALS  AND  ALLOYS  -  Fiber 
ReinforcementJ/MTRRORS/Uncontrolled  Terms:  METAL  MATRIX  COMPOSITES  /  PRECISION  OPTICAL  SYSTEMS 

88A4520I  NASA  IAA  Meeting  Paper  Issue  i8 

Ahiminum4ithium  alloys:  Design,  development  and  application  update;  Proceedings  of  the  Symposium,  Los  Angeles.  CA, 
Mar.  25. 26,  1 987  (Book)  (AA)KAR,  RAMESH  J.;  ( AB)AGRA W AL,  SUPHAL  P.;  (AC)QUIST,  WILLIAM  E.  (AA)ED.: 
(AB)ED.;  (AC)ED.  (AB)(Northrop  Corp.,  Aircraft  Div.,  Hawthorne.  CA);  (ACXBoeing  Commercial  Airplane  Co.,  Seattle. 
WA).  Symposium  organized  and  sponsored  by  ASM  International,  Metals  Park,  OH,  ASM  International,  1988, 470  p.  For 
individual  items  see  A88-45202  to  A88-45205. 880000  p.  470  In:  EN  (English)  Members.  S62.40;  nonmembers.  $78  p.3030 
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The  present  conference  on  the  development  slams  of  aluminum-lithium  alloys  for  aerospace  applications  discussed 
topics  in  the  availability  of  these  alloys,  their  fatigue,  fracture,  and  corrosion  characteristics,  their  design  criteria,  and 
manufacturing  techniques  developed  for  them  to  date.  Attention  is  given  to  developments  in  rapidly-solidified  AJ-Li  alloys,  the 
mechanisms  of  fatigue  crack  propagation  in  commercial  Al-Li  alloys,  the  effects  of  processing  on  Al-Li  microstructures  and 
fracture  behavior,  and  Al-Li  exfoliation  and  stress  corrosion  cracking  behavior.  Also  discussed  are  design  considerations  for 
novel  aerospace  vehicle  materials,  critical  Al-Li  alloy  design  factors,  the  ^application  of  Al-Li  alloys  in  naval  aircraft,  and  the 
superplastic  forming  characteristics  of  Al-Li  sheet  alloys.  O.C. 

Category  code:  26  (metallic  materials)  Controlled  terms:  ’ALUMINUM  ALLOYS  /’CONFERENCES  /“LITHIUM 
ALLOYS  /* MECHANICAL  PROPERTIES/AIRCRAFT  CONSTRUCTION  MATERIALS/CRACK  PROPAGATION/ 
F-15  AIRCRAFT/FATIGUE  TESTS/FORMING  TECHNiQUES/INVESTMENT  CASTING/METAL 
SHEETS/SPACECRAFT  CONSTRUCTION  MATERIALS/STRESS  CORROSION  CRACKING/STRUCTURAL 
DESIGN/SUPERPLASTICITY  /  TECHNOLOGY  ASSESSMENT  / 

88A43932#  NASA  IAA  Conference  Paper  Issue  18 

Superplasticity  in  structural  Al  alloys 

(AA)GHOSH.  A.  K.  (AA)(Rockwell  International  Science  Center.  Thousand  Oaks,  CA)  F336 1 5-79-C-32 1 8;  F49620-83-C- 
0055  IN:  Interdisciplinary  issues  in  materials  processing  and  manufacturing;  Proceedings  of  the  Symposium.  ASME  Winter 
Annual  Meeting,  Boston,  MA,  Dec.  13-18, 1987.  Volume  2  (A88-43926  18-37).  New  York,  American  Society'of  Mechanical 
Engineers.  1 987,  p.  437-449.  Research  supported  by  Rockwell  Independent  Research  and  Development  Programs.  870000  p. 
1 3  refs  20  In:  EN  (English)  p.3028 

A  brief  review  of  superplasticity  in  a  number  of  Al  alloys  is  presented.  Emphasis  is  placed  on  an  Al-Zn-Mg-Cu  alloy 
(7475),  which  possesses  high  structural  strength  suitable  for  aerospace  applications.  Discussion  is  also  presented  on  the 
superplasticity  in  Al-Li  alloys.  Recent  developments  in  thermomechanical  processing  have  led  to  significant  superplasticity  in 
these  materials.  Some  new  aspects  of  microstructural  changes  and  mechanical  behavior  of  these  materials  are  elucidated.  A 
short  discussion  on  cavitation  and  its  control  is  also  presented.  Author 

Category  code:  26  (metallic  materials)  Controlled  terms:  ’ALUMINUM  ALLOYS  /’MECHANICAL  PROPERTIES  / 
•MICROSTRUCTURE  /•  SUPERPLASTICITY  /’THERMOMECHANICAL  TREATMENT/COPPER 
ALLOYS/CRYSTAL  STRUCTURE/GRAIN  SIZE/LITHTUM  ALLOYS  /  MAGNESIUM  ALLOYS/ZINC  ALLOYS  / 

62-0655  METADEX  Issue  88 1 2 

Properties  of  High- Strength  Superplastic  PM  and  PM/MMC  Aluminum  Alloys. 

Mahoney,  M.  W.;  Kendig.  M.;  Murphy,  A.  R.;  Mitchell.  M.  R;  Ghosh,  A.  K.  Rockwell  International  Science  Center.  PM 
Aerospace  Materials  '87;  Luzem,  Switzerland;  2-4  Nov.  1 987;  MPR  Publishing  Services  Ltd.;  Old  Bank  Buildings.  Bcllstone. 
Shrewsbury  SY1  1HU.UK;  1988;  8812-72-0634;  33.1-33.14;  in  English 

Recent  results  have  shown  that  a  high-strength  PM  Al  alloy,  7064,  and  this  same  alloy  reinforced  with  SiC  sub  p ,  can  be 
thermomechanically  processed  to  produce  a  fine  equiaxed  grain  size.  With  this  microstructure,  high  levels  of  superplasticity  are 
achievable  and,  accordingly,  complex-shaped  aerospace  parts  were  superplastically  formed.  A  brief  review  of  this  work  is 
presented,  highlighting  PM  processing,  superplastic  characteristics  and  part  forming.  Following  this  synopsis,  a  detailed 
presentation  is  given,  illustrating  additional  properties  of  both  the  PM-7064  Al  alloy  and  the  PM-7064  Al/SiC  sub  p  metal 
matrix  composite  alloy.  Pitting  corrosion  results  of  both  the  powder  alloy  and  reinforced  alloys,  after  fine-grain  processing, 
illustrate  pitting  potential  for  solution-treated  and  full-strength  aged  conditions.  Also,  fatigue  crack  growth  rate  is  presented 
with  an  analysis  of  the  fatigue  crack  path  based  on  microstructural  details.  29  ref.— AA 

Category:  62.  Controlled  Terms:  Aluminum  base  alloys/Composite  materials  /  Silicon  carbide  /  Composite  materials/ 
Composite  materials/Powder  technology  /  Powder  metallurgy  parts/Corrosion/Superplasticity/Pitting  (corrosion)  /  Sodium 
chloride/Environment.  Alloys:  7064/AL 

61-0746  METADEX  Issue  88 1 2 

Superplasdc  Formlog/WeM-Braziag  efTI— 6AJ— 4  V  Panels  for  Enhanced  Structural  Efficiency. 

Royster,  D.  M.;  Bales.  T.  T.;  Davis,  R.  C.  NASA  Langley  Research  Center.  Competitive  Advances  in  Metals  and  Processes—  I  st 
International  SAMPE  Metals  and  Metals  Processing  Conference.  Vol.  I;  Cherry  Hill,  New  Jersey.  USA;  18-20  Aug.  1987; 
Society  for  the  Advancement  of  Material  and  Process  Engineering;  P.O.  Box  2439,  Covina,  California  91722,  USA;  1987; 
8812-72-0696;  191-202;  in  English 

The  objectives  of  these  NASA  studies  are  to  exploit  the  processing  advantages  of  superplastic  forming  and  joining  by 
weld-brazing  (WB)  for  the  fabrication  of  Ti  skin-stiffened  structural  components.  Application  of  these  advanced  stiffener 
shapes  offers  the  potential  to  achieve  substantial  weight  savings  in  aerospace  vehicles.  6  ref  — AA 

Category:  61.  Controlled  Terms:  Titanium  base  aHoys/Fabrication/Panefs  /  Fabrication/Superplastic  forming/Spot 
wekling/B  razing/Weight  reduction 
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8804-30562  Compendex 

DESIGN  AND  MANUFACTURE  OF  A  SUPERPLASTIC-FORMED  ALUMINUM-LITHIUM  COMPONENT 

Henshall,  C.  A.;  Wadsworth.  J.;  Reynolds,  M.  J.;  Barnes.  A.  J.  Lockheed  Missiles  &  Space  Co,  Palto  Alto,  CA,  USA.  Mater  Des 
v  8  n  6  Nov-Dec  1987  p  324-330  Coden:  MADSD  ISSN:  0264-1275  In  ENGLISH  Refs:  fs.  Doc.  Type:  JOURNAL 
ARTICLE  Treatment  Des.:  GENERAL  REVIEW 

The  phenomenon  of  superplasticity  in  metallic  alloys  is  briefly  described.  The  design,  manufacture  and  post-forming 
analyses  are  described  of  a  complex  shape  produced  by  superplastic  forming  using  the  aluminum-lithium  alloy  2090.  Complex 
shapes  for  a  wide  variety  of  aerospace  and  commercial  applications  have  been  successfully  formed.  An  example  of  a 
component  superplasticafly  formed  with  SUPRAL  is  shown.  (Edited  author  abstract)  14 

Card-A-Lert  Codes:  541  (Aluminum  and  Alloys)/542  (Beryllium,  Magnesium,  Titanium  and  Other  Light  Metals  and 
AUoys)/549  (Nonferrous  Metals  and  Alloys  in  General)/535  (Rolling,  Forging  and  Forming)/421  (Strength  of  Materials; 
Mechanical  Properties )/Controlled  Terms:  {‘ALUMINUM  LITHIUM  ALLOYS  —  ‘Superplasticity  )/(METALS  TESTING 
-  Tensile  Tests)/( METAL  FORMING  -  Strain)/Uncontrolled  Terms:  ALUMINUM  LITHIUM/SUPERPLASTICITY/ 
COMPLEX  SHAPE 

88A40485  NASA  IAA  Journal  Article  Issue  16 

Aerospace  materials  for  the  21st  century 

( AA)CANNON,  PETER  (AAXRockwell  International  Corp.,  El  Segundo.CA).  Journal  of  Metals  (ISSN  0 1 48-6608),  vol.  40, 
May  1 988,  p.  1 0- 1 4.  880500  p.  5  In:  EN  (English)  p.26 1 1 

A  development  status  evaluation  and  prospective  performance  characteristics  projection  is  made  for  advanced  metal- 
matrix  composites,  ceramic-matrix  composites,  high-temperature  polymeric  composite  resins,  and  the  NDE  and 
process-monitoring  techniques  that  may  be  employed  in  order  to  maximize  their  performance  while  minimizing  their  costs. 
Attention  is  given  to  P/M  aluminum  alloy  matrix-based,  superplastically  formed  SiC  whisker-reinforced  composites,  and  the 
materials  requirements  of  the  National  Aerospace  Plane  and  NASA  Space  Station.  O.C. 

Category  code.  23  (chemistry/materials)  Controlled  terms:  ‘AEROSPACE  INDUSTRY  /‘ALUMINUM  ALLOYS  / 
‘CERMETS  /‘LOW  DENSITY  MATERIALS  /‘MAGNESIUM  ALLOYS  /‘METAL  MATRIX  COMPOSITES/GRAIN 
SIZE/HIGH  STRENGTH  ALLOYS/SIUCON  CARBIDES  /  SUPERPLASTICITY  / 

46-0379  METADEX  Issue  8812 

Solid  State  Microblend  Microcomposite  Materials  for  Defense  Applications. 

Patel,  A.  N.;  Diamond,  S.;  Erich,  D.;  Goddard,  S.  Battelle  Columbus.  Powder  Metallurgy  in  Defense  Technology.  Vol.  7; 
Annapolis,  Maryland.  USA;  3-4  Dec.  1 986;  Metal  Powder  Industries  Federation;  1 05  College  Rd.  East.  Princeton.  New  Jersey 
08540,  USA;  1 987;  88 1 2-72-0675;  1 59- 1 74;  in  English 

The  demand  by  industry  and  the  military  for  new  alloys  and  improved  materials  for  use  in  both  conventional  and  special 
environments  has  prompted  vigorous  research  and  development  activities  in  all  phases  of  materials  processing  and,  more 
recently,  a  revived  interest  in  alloy  development.  In  addition,  the  economic  and  strategic  necessity  to  conserve  energy  and 
resources  has  prompted  further  interest  in  the  development  of  new  alloys.  A  number  of  the  new  alloys  have  been  prepared  both 
by  rapid  solidification  and  by  solid  state  microblending  (SSMB).  Similar  unique  properties  and  unconventional 
microstructures  have  been  achieved  by  both  powder  methods.  Only  the  results  of  solid  state  processing,  however,  are 
described.  Battelles  columbus  Division  (BCD)  has  been  actively  participating  in  these  research  areas  and  has  made  significant 
contributions  to  the  application  and  extension  of  solid  state  microblending  to  produce  the  desired  powders  and  to  the 
subsequent  consolidation  of  the  powders  into  bulk  forms.  The  developments  of  these  technologies  have  increased 
understanding  of  their  use  to  produce  alloys  having  unique  properties.  Some  of  these  alloys  are  now  being  introduced  into 
commercial  applications  requiring  improved  performance  and  are  also  being  developed  for  wholly  new  applications.  The  new 
microstructures  and  considerably  altered  second  phase  distribution  and  morphology  in  these  materials  of  non-conventional 
chemistry  contrast  sharply  with  those  of  their  conventionally  processed  counterparts.  Based  on  these  unique  microstructures 
and  the  ability  to  control  the  material  properties,  such  systems  are  expected  to  have  wide  applications  as  structural  materials, 
lightweight  alloys  for  automotive,  aircraft,  and  aerospace  use,  high-temperature  alloys,  fine  panicle  permanent  magnets, 
electrical  contacts  and  batteries,  bearings,  and  superplastic  materials.  Undoubtedly,  other  applications  will  emerge  as  these 
development  techniques  evolve  further.  9  ref—  AA 

Category:  46.  Controlled  Terms:  Copper  base  alloys/Alloydevelopment/Lead  base  alloys/ Alloy  development/Nickel 
base  alloys/ Alloy  development  /  Titanium  base  alloys/ Alloy  development/Ferrous  alloys/ Alloy  development  /  Metal 
powders/ Alloy  development/Mechanical  alloying/ Aircraft  components  /  Materials  selection/Automotive  components/ 
Materials  selection/Permanent  magnets/M  ate  rials  selection/Electric  batteries/Materials  selection 

6 1  -0687  METADEX  Issue  88 1 1 

Materials  Trends  in  Military  Airframes. 

Stubbington,  C.  A.  Royal  Aerospace  Establishment.  Met.  Mater.  July  1 988;  4,  (7);  424;  ISSN  0266-7 1 85;  in  English 

The  dominant  position  held  by  aluminium  alloys  in  airframe  construction  has  been  challenged  by  composite  materials. 
The  materials  and  processing  techniques  currently  available  to  designers  of  military  aircraft  are  reviewed  and  some  of  the 
developments  which  are  likely  to  influence  the  choice  of  materials  and  processes  for  future  projects  are  considered.  35  ref.— 
AA 
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Category:  61  Controlled  Terms:  Airframes/Materials  selection/ Aluminum  base  alloys/Mechanical  properties/ 
Composite  materials/Mechanical  properties  /  Titanium  base  alloys/Mechanical  properties/High  strength  steels/Mechanical 
properties/Superplastic  forming/Diffusion  welding.  Alloys:  2024/2324/  7475/8090/8091/7050/7178/7075/2014/7010/ 
AL/Ti-5Al-2.5Sn/Ti-6Al-4V7Ti-4Al-4Mo-2Sn-0.5Si/Ti-4Al-4Mo-0.4Sn-0.5Si/n/AZ91/WE54/MG/35NCD16/ 
SANCM 

88A369 1 3  NASA  1AA  Conference  Paper  Issue  1 4 

Superplasticity  in  SIC  reinforced  A1  alloys 

(AA)MAHONEY,  M.  W.;  (AB)GHOSH,  A.  K.;  (AC)BAMPTON,  C.  C.  (ABXRockwell  International  Science  Center, 
Thousand  Oaks,  CA);  (ACXNorth  American  Aircraft  Operations,  El  Segundo,  CA).  F336 1 5-83-C-3235  IN:  International 
Conference  on  Composite  Materials,  6  th,  and  European  Conference  on  Composite  Materials,  2nd,  London,  England,  July  20- 
24,  1987,  Proceedings.  Volume  2  (A88-36851  14-24).  London  and  New  York,  Elsevier  Applied  Science,  1987,  p. 
2.372-2.381.  Research  supported  by  the  Rockwell  International  Independent  Research  and  Development  Fund.  870000  p. 
10.  refs  14  In:  EN  (English)  p.2238 

Recent  studies  and  results  on  SiC  reinforced  aluminum  alloys  show  that  significant  benefits  in  properties  can  be  achieved 
over  base  alloy  compositions.  However,  because  of  their  increase  in  modulus  or  stiffness,  metal-matrix  composite  (MMC) 
alloys  are  difficult  to  form  into  usable  shapes  by  conventional  sheet  forming  practices.  This  inability  to  fabricate  parts  limits  the 
implementation  of  this  new  class  of  material.  With  appropriate  thermomechanical  processing,  it  is  possible  to  achieve  a  fine 
grain  size  in  SiC-reinforced  aluminum  alloys  and  accordingly  achieve  sufficient  superplasticity  to  gas  pressure-form  complex 
shaped  aerospace  parts.  Author 

Category  code:  24  (composite  materials)  Controlled  terms:  ‘ALUMINUM  ALLOYS  /‘MECHANICAL 
PROPERTIES  /‘METAL  MATRIX  COMPOSITES  /*SILICON  CARBIDES  /‘SUPERPLASTICITY  /THERMO¬ 
MECHANICAL  TREATMENT/GRAIN  SIZE/LITHIUM  ALLOYS/MICROSTRUCTURE/SPACECRAFT 
CONSTRUCTION  MATERIALS/ 

88A35 1 1 3  NASA  IAA  Conference  Paper  Issue  1 3 

Advanced  aluminum  alloys  and  aluminum-polymer  laminate  for  aerospace  structure 

(AA)STALEY,  JAMES  T.  (AAXAlcoa  Laboratories,  Alcoa  Center,  PA).  AAS  PAPER  86-381  IN:  Aerospace  century  XXI: 
Space  flight  technologies;  Proceedings  of  the  Thirty-third  Annual  AAS  International  Conference,  Boulder,  CO,  Oct.  26-29. 
1986  (A88-35093  1 3- 1 2).  San  Diego,  CA,  Univelt,  Inc.,  1987,p.  1001-1010. 870000  p.  10  refs  6  In:  EN  (English)  p.2029 

Advanced  A1  alloys  and  hybrid  aluminum-polymer  laminates  furnish  highly  cost-effective  competition  not  only  to 
established  Al  and  Ti  alloys,  but  to  graphite/epoxy  and  metal-matrix  composites,  in  aerospace  structure  applications.  The  new 
Al-Li  alloys  are  more  tractable  in  design  due  to  their  isotropic  nature,  and  involve  substantially  lower  costs.  Hybrid  laminates 
have  10-20  percent  lower  density  than  monolithic  conventional  Al  alloy  sheet,  as  well  as  excellent  vibration  damping,  and  may 
prove  ideal  in  fatigue-critical  applications.  O.C. 

Category  code:  23  (chemistry/materials).  Controlled  terms:  ‘ALUMINUM  ALLOYS  /‘LAMINATES  /‘POLYMERS 
/‘SPACECRAFT  STRUCTURES/CERIUM/LITHIUM  ALLOYS  /  POLYAMIDE  RESINS/SUPERPLASTICIT  7 
WROUGHT  ALLOYS  / 

NTN88-0 1 22/XAD  NTIS 

Superplastically  Formed  Aluminum-Base  Alloys 

Department  of  the  Air  Force,  Washington,  DC  (000260000)  NTIS  Tech  Note,  Mar  88.  Ip,  FOR  ADDITIONAL 
INFORMATION:  Detailed  information  about  the  technology  described  may  be  obtained  by  ordering  the  NTIS  report  order 
number  AD- A 1 6 1 366/0/NAC,  price  code  A06,  NTIS  Prices:  See  availability  statement 

This  citation  summarizes  a  one-page  announcement  of  technology  available  for  utilization.  Properties  of  three  alloys 
designed  specifically  for  aerospace  application  in  the  superplastically  formed  condition,  Supral  100.  Supra!  150  clad,  and 
Supral  220  clad,  were  determined  in  studies  conducted  at  Fairchild  Republic  Company  for  the  Air  Force.  Tests  were 
conducted  on  superplastically  formed  parts  in  the  T6  temper  under  conditions  providing  MIL-HDBK-5  data.  The  results  of 
these  tests  are  given  both  in  tabular  and  graphic  form.  Several  trends  were  observed  that  were  true  for  all  three  alloys.  It  was 
noted,  for  example,  that  properties  were  approximately  the  same  whether  determined  parallel  to  or  perpendicular  to  the 
direction  of  superplastic  strain.  Also,  in  all  three  alloys  the  amount  of  superplastic  forming  did  not  appear  to  be  an  important 
factor  unless  it  was  sufficiently  high.  The  Supral  alloys  were  reported  to  be  comparable  to  7475  superplastic  alloy  in  overall 
formability.  However,  forming  of  supral  alloys  can  be  accomplished  at  higher  strain  rates  and  lower  forming  temperature, 
factors  which  appreciably  reduce  forming  costs 

Fid:  7 1 N  Control  xl  terms:  ‘Aluminum  alloys/* Aerospace  engineering  /Uncontrolled  terms:  NTISNTND 


52-21 28  METADEX  Issue  8810 

Recent  Research  and  Development  of  Superplasticity- 

Miyagawa,  M.;  Kobayashi.  M.  Bull.  Jpn.  Inst.  Met.  1986;  25.  (1);  8-15;  ISSN  002 1-4426;  in  Japanese 

Japanese  research  into  superplastic  forming  coupled  with  diffusion  bonding  has  centred  largely  on  alloys,  such  as  Zn— 22AI 
and  Ni  and  Ti  base  systems.  Particular  applications  are  found  in  aerospace  engineering.  The  advantages  of  superplastic  forming 
include  the  saving  of  process  time  and  materials  by  near  net  shaping.  Computer  aided  design  can  be  applied  to  the  process.  A 
major  requirement  of  superplastic  materials  is  resistance  to  crack  initiation  and  propagation.  2 1  ref— J.G 

Category;  52  Controlled  Terms:  Zinc  base  allot  s.  Metal  working/Aluminum  Alloying  elements  Superplashc  forming 
Diffusion  welding  Crack  propagation  Alloys:  Zn-22AI/ZN 

52-2049  METADEX  Issue  8810 

Superplastic  Forming  for  Tomorrow's  Metal  Manufacturing. 

East.  W.  R.  Mater.  Eng.  (Cleveland)  Apr.  1 988;  105.  (4);  3 7-40;  ISSN  0025-5.1 1 9:  in  English 

Superplastic  forming  (SPF)  began  with  experiments  with  Bi—Sn  alloys  in  the  1930s,  but  remained  essentially  a  laboratory 
curiosity  until  the  1 960s  when  other  alloys  were  found  to  exhibit  superplastic  properties.  A  Zn— Al  alloy  was  used  to  produce 
the  first  commercial  SPF  products  Today,  most  of  the  SPF  is  for  Ti.  Al  and  Al— Li  alloys  for  the  aerospace  industry,  together 
with  some  work  on  superplastic  forming  stainless  steel  components.  A  SPF  alloy  must  have  a  very  fine  grain  size  (<  approx  8  mu 
m)  and  be  equiaxed.  The  grain  size  must  remain  small  at  temperatures  <=  90%  of  the  material's  melting  temperature  for  2  h  or 
longer.  Alloys  meeting  these  specifications  include:  Al  alloys  2004.  2419  and  thermomechanieally  processed  7475;  Al— Li 
alloys  such  as  209(1.  209 1  and  8090;  most  of  the  duplex  stainless  steels  with  an  equal  balance  of  austenite  and  ferrite,  such  as 
2205  series;  and  all  of  the  alpha  —  beta  Ti  alloys  such  as  Ti— 6  Al— 4V.— D.O.N. 

Category:  52  Controlled  Terms:  Aluminum/Metal  working/Titanium/Metal  working/Aluminum  base  alloys/Mctal 
working/Duplex  stainless  steels/Metal  working/Titanium  base  alloys/Mctal  working/Superplastic  forming/Strain  rate/ 
Aircraft  Materials  selection  Aircraft  components/ Materials  selection.  Alloys:  2004/2419/7475,  2090  2091/8090  Al. 
2205/SSD  /  Ti-6A1-4V/Tl 

31-3669  METADEX  Issue  8810 

On  the  Effects  of  Hydrostatic  Pressure  on  Mechanical  Properties  of  7475  Aluminum  Alloy. 

Franklin.  J.  E.;  Mukhopadhyay.  J.;  Mukherjee.  A.  K.  University  of  California.  Aerojet  TechSystcms.  Scr.  Metall.  June  1 988;  22. 
(6);  865-870;  ISSN  0036-9748;  in  English 

Superplasticity  is  now  a  viable  near-net-shape  forming  process  with  considerable  potential  for  industrial  application.  One 
particular  Al  alloy,  e  g.  7475  Al,  has  received  special  attention  in  this  regard  for  aerospace  application.  However,  there  is  a 
practical  limitation  for  using  7475  alloys  commercially,  because  they  form  intergranular  cavities.  These  cavities  form  during 
superplastic  deformation  and  they  limit  the  ductility  and  degrade  the  mechanical  properties  of  post  formed  components. 
Hence,  significant  attention  has  been  paid  by  investigators  in  recent  years  to  minimize  this  cavitation  phenomenon.  Several 
investigators  have  used  hydrostatic  gas  pressure  as  the  main  tool  for  reducing  cavities  in  supcrplasticity.  Such  gas  pressure  had 
previously  been  used  for  reducing  cavities  in  high  temperature  creep  deformation.  The  mechanical  behavior  and 
microstructural  aspect  of  7475  Al  alloys  under  a  uniaxial  test  condition  and  the  effect  of  hydrostatic  gas  pressure  to  a  pressure 
level  higher  than  that  investigated  earlier  were  studied.  1 5  ref.— AA 

Category:  31  Controlled  Terms:  Aluminum  base  alloys/Mechanical  properties  /  Superplasticity/Pressure  effects' 
Cavitation/Pressure  effects/Fracture  strength/Prcxsure  effecls/Hydrostatic  pressure.  Alloys:  7475/AL 

88A29724  NASA.IAA  Journal  Article  Issue  1 1  Metals  or  plastics?  MBB  studies  materials  for  future  lightweight  engineering 
New-Tech  News,  no.  1 .  1 988.  p.  24-27.  880000  p.  4  In:  EN  (English)  p.O 

High-quality,  high-strength  materials  and  production  methods  for  complex  lightweight  structures  arc  nearly  always 
associated  with  comparatively  high  costs,  so  that  clear  cost  criteria  must  be  established  lor  their  use  Attention  is  presently 
given  to  the  comparative  advantages  of  polymeric-matrix  composites  and  metal-matrix  composites,  supcrplastically  formablc 
diffusion  weldable  alloys  of  Al  and  Ti,  and  P/M  metallic  materials  in  aerospace  applications.  O.C. 

Category  code:  23  (chemistry/materials)  Controlled  terms:  ‘AIRCRAFT  CONSTRUCTION  MATERIALS 
‘MATERIALS  SCIENCE  /‘METAL  MATRIX  COMPOSITES  /‘POLYMER  MATRIX  COMPOSITES 
/‘REINFORCED  PLASTICS  /‘WEIGHT  REDUCTION/AIRCRAFT  PARTS/ALUMINUM  ALLOYS/FIBER 
COMPOSITES/TIT ANIUM ALLOYS  / 

62-0338  METADEX  Issue  8807 

Superplasticity  in  SiC  Reinforced  Aluminum  Alloys. 

Mahoney.  M.  W.;  Ghosh,  A.  K.;  Bampton,  C.  C.  Rockwell  International.  North  American  Aircraft  Operations.  Sixth 
International  Conference  on  Composite  Materials  and  Second  European  Conference  on  Composite  Materials  (ICCM  & 
ECCM).  Vol.  2;  London,  UK;  20-24  July  1987;  Elsevier  Applied  Science  Publishers  Ltd  ;  Crown  House.  Linton  Rd..  Barking. 
Essex  IG1 1  8JU.UK;  1987;  8807-72-0356;  2.372-2.381;  in  English 
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Recent  studies  and  results  on  SiC  reinforced  A1  alloys  show  that  significant  benefits  in  properties  can  be  achieved  over 
base  alloy  compositions.  However,  because  of  their  increase  in  modulus  or  stiffness,  metal -matrix  composite  (MMC)  alloys  are 
difficult  to  form  into  usable  shapes  by  conventional  sheet  forming  practices.  This  inability  to  fabricate  parts  limits  the 
implementation  of  this  new  class  of  material.  With  appropriate  thermomechanical  processing,  it  is  possible  to  achieve  a  fine 
grain  size  in  SiC-reinforced  A1  alloys  and  accordingly  achieve  sufficient  superplasticity  to  gas  pressure  form  complex  shaped 
aerospace  parts.  1 4  ref.— AA 

Category:  62  Controlled  Terms:  Silicon  carbide/Composite  materials/Aluminum  base  alloys  /  Composite  materials/ 
Whisker  composites/Superplasticity  /  Grain  size.  Alloys:  7475/707S/7091/AL 

52-0847  METADEX  Issue  8805 

Superptastic  Forming  of  Titanium  Alloy  Sheets. 

Inoue.  M  ,  Takahashi,  A.;  Tsuzuku,  T.  Sumitomo  Light  Metals.  Sumitomo  Light  Mel.  Tech.  Rep.  Oct  1987;  28,  (4);  50-57; 
ISSN  0039-4963;  in  Japanese 

T— 6AI— 4V  alloy  has  been  used  most  extensively  among  Ti  alloys  in  aerospace  industries  The  alloy  sheet  is  usually 
formed  by  hot  creep  forming  because  of  its  small  elongation  and  large  spring  back  at  room  temperature.  The  alloy,  however, 
exhibits  prominent  superplasticity  and  diffusion  weldability  with  suitable  conditions.  Some  studies  on  the  superplastic  forming 
and  the  combined  process  of  superplastic  forming/diffusion  bonding  were  conducted  for  the  development  of  integrated  Ti 
alloy  sheet  structures  in  airframes  for  cost  savings.  The  superplastieity,  the  superplastic  forming,  the  superplastic  forming/ 
diffusion  bonding  and  some  applications  are  described.  6  ref.— AA 

Category.  52  Controlled  Terms:  Titanium  base  alloys/Forming/Superplastic  forming/Diffusion  welding.  Alloys:  Ti-6AI- 
4V/TI 

31-1566  METADEX  Issue  8805 

Development  and  Properties  of  Superplastic  Aluminum  Alloys. 

Matsuki,  K.  Bull.  Jpn.  Inst.  Met.  1987;  26.  (4);  263-271 ;  ISSN  002 1  -4426;  in  Japanese 

Topics  about  superplastieity  of  Al-alloys  are  reviewed.  One  of  the  most  important  incentives  for  development  of 
superplastieity  is  its  application  to  instruments  and  parts  of  aerospace  industries.  Deformation  process  by  grain  boundary  slip 
and  main  allays,  i.e.  7000  group,  Al— Li  alloys,  and  Al— SiC  whisker  composites,  grain  refinement,  cavity  formation  and  cavity 
suppression  are  explained.  Basic  researches  and  new  alloy  developments  intended  for  practical  applications  arc  reviewed.  1 04 
ref.-JLMA 

Category:  31  Controlled  Terms:  Aluminum  base  alloys/Mechanical  properties  /  Lithium/ Alloying  elements/ 
Superplasticity/Silicon  carbide/Composite  materials/Composite  materiais/Mechanical  properties.  Alloys:  2124/7075  / 
7475/8090/ AI-6Cu-0.4Zr/Supral  100/AI-6Cu-0.4Zr-0.2Mg-0.1Ge/Supral  220  /  AI-5Zn-5Co/8050/AL/AI-5Mg-0.6Cu- 
0.7Mn-0. 1 5Cr/AI-2Li-3Cu- 1  Mg-0.2Zr/AL 

88A 13198  NASA  IAA  Conference  Paper  Issue  03 

Development  of  particulate  reinforced  high  strength  aluminium  alloy  for  aerospace  applications 

(AA)KRISHNADAS  NAIR.  C.  G.;  (AB)DUTTA,  D.;  (AC)KRISHNADEV.  M.  R.  (AB)(Hindustan  Aeronautics.  Ltd.. 
Bangalore,  India);  (ACXUniversite  Laval,  Quebec,  Canada).  IN:  Advanced  materials  technology  '87.  Proceedings  of  the 
Thirty-second  International  SAMPE  Symposium  and  Exhibition,  Anaheim.  CA,  Apr.  6-9, 1 987  (A88- 13126  03-23).  Covina. 
CA.  Society  for  the  Advancement  of  Material  and  Process  Engineering.  1987,  p.  889-901.  870000  p.  13  In:  EN  (English) 
p.295 

A  SiC  particulate-reinforced,  high  strength  Zr-refined  Al-Zn-Mg-Cu  alloy  has  been  produced  by  PM.  Powder  prepared 
by  gas  atomization  is  mixed  with  SiC  particulates  in  vacuum,  followed  by  hot  pressing  and  extrusion.  Microstructure  and 
properties  of  the  composite  are  discussed.  The  resulting  alloy  is  forgeable  and  heat-treatable  to  develop  high  strength.  The  alloy 
is  economical  to  produce  and  is  considerably  cheaper  than  the  Al-Li  alloys.  Author 

Category  code-  24  (composite  materials)  Controlled  terms:  ’AIRFRAMES  /"ALUMINUM  ALLOYS  /"METAL 
MATRIX  COMPOSITES  /*  SILICON  CARBIDES/CHEMICAL  COMPOSITION  /  LITHIUM  ALLOYS/ 
MECHANICAL  PROPERTIES/SUPERPLASnOTYCTENSILE  PROPERTIES  / 

52-0415  METADEX  Issue  8803  Analyses  of  Axisymmetric  Sheet  Forming  Processes  by  RigW-VIscopfautk  Finite  Element 
Method,  Park,  J.  J.;Oh,  S.  -I.;  Altan,  T.  Handle  Columbus,  Ohio  State  University  J.  Eng.  Ind.  (Trans.  ASME)Nov.  1987;  109. 
(4);  347-354;  ISSN  0022-08 1 7;  in  English 

Two  types  of  sheet  forming  processes  are  analyzed  by  rigid-viscoplastic  FEM  (finite  element  method):  axisymmetric 
punch  stretching  and  hydrostatic  bulge  forming.  The  present  formulations,  based  on  the  membrane  theory  and  the  Hill's 
anisotropic  flow  rule,  include  the  rate  sensitivity  which  is  a  key  factor  in  controlling  the  forming  of  superplastic  materials. 
Normal  anisotropy  is  taken  into  account  and  Coulomb  friction  is  assumed  at  the  interface  between  punch  and  sheet. 
Nonsteady-state  deformation  processes,  investigated  in  this  study,  were  quasi-statically  and  incrementally  analyzed.  An  FEM 
code  was  developed,  using  two-node  linear  elements  with  two  degrees  of  freedom  at  each  node,  and  applied  to  solve  four 
categories  of  problems:  A.K.  steel  punch  stretching;  hydrostatic  bulging  of  a  rale-insensitive  material  (Ti— 6AI— 4V,  Al— 
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6Cu— 0.4Zn,  Zn— 22AI);  hydrostatic  bulging  of  rate-sensitive  materials;  and  hydrostatic  bulging  of  a  superplastic  material 
(Ti-6-4).  Strain  distributions  and  shape  changes  predicted  in  the  first  two  problems  were  compared  with  experiments  and 
results  of  other  analyses.  The  results  of  the  third  problem  could  not  be  compared  with  experiments;  however,  the  results 
showed  that  the  rate  sensitivity  affects  the  deformation  as  expected.  The  fourth  problem  is  the  main  theme  of  the  paper.  To 
maintain  the  superplasticity  in  forming  processes  and  to  produce  sound  products,  the  control  of  the  strain-rate  is  a  key  factor.  A 
hydrostatic  bulge  forming  process,  which  is  often  used  for  manufacturing  structural  aerospace  parts,  was  analyzed  and 
discussed.  Further,  an  optimum  pressure  curve  (pressure  vs.  time),  which  maintains  the  desired  strain-rate  in  the  deformed 
material,  was  obtained  and  compared  with  the  results  of  an  analytical  prediction.  24  ref.— AA 

Category:  52.  Controlled  Terms:  Titanium  base  alloys/Forming/Stretch  forming  /  Hydrostatic  forming/Superplastic 
forming  Mathematical  models.  Aluminum  base  alloys  Forming  Zinc  base  allovs/Forming  Steels  Forming  Altovs:  Ti-6AI- 
4V  TI  Al-6Cu-0.4Zn  AL/Zn-22A1  ZN 

61-0151  METADEX  Issue  8802 

Designing  for  Superplastic  Alloys. 

Stephen,  D.  British  Aerospace.  AGARD (NATO)  Aug.  1 987: 7.1-7  57;  ISSN  0365-2475:  in  English 

Twenty  years  of  development  have  brought  the  processes  of  supcrplastic  forming  and  diffusion  bonding  to  a  state  of 
maturity.  These  processes  provide  the  Project  Designer  with  the  opportunity  to  design  components  on  new  projects  which  are 
both  cost  and  weight  efficient.  However,  to  achieve  optimum  performance,  the  designer  needs  to  have  an  in-depth 
understanding  of  the  freedoms  and  limitations  provided  by  these  processes.  Substantial  evidence  exists  to  support  the  claim 
that  titanium  alloys,  when  processed  by  the  SPF/DB  route,  can  compete  in  weight  and  more  particularly  cost,  with 
conventional  aluminium  fabrication.  This  is  likely  to  be  a  major  factor  in  the  future  exploitation  of  these  processes  and  clearly 
requires  a  revision  to  the  designers  traditional  views  of  the  areas  of  application  for  titanium  alloys.  The  more  recent 
developments  in  the  processing  of  high  strength  superplastic  aluminium  alloys  will  clearly  add  to  the  further  use  of  the 
superplastic  forming  process  on  future  aerospace  products,  but  the  development  of  a  combined  SPF/DB  process  for 
aluminium  alloys,  with  the  full  range  of  capabilities  provided  currently  by  titanium  alloys,  remains  to  he  established.  33  ref.— 
AA 


Category:  6 1  Controlled  Terms:  Aluminum  base  alloys/  Alloy  development  /  Titanium  base  alloys/ Alloy  development/ 
Diffusion  welding'Superplastic  forming/Wclded  joints  'Mechanical  properties/ Aircraft  components  Fabrication  'Weight 
reduction/Design 

55-0557  METADEX  Issue  8802 

Diffusion  Bonding  of  Metals. 

Partridge.  P.  G.  AGARD  (NATO)  Aug.  1 987;  5. 1  -5.23;  ISSN  0365-2475;  in  English 

The  need  to  reduce  the  cost  and  weight  of  aerospace  metallic  structures  has  led  to  increased  interest  in  solid  state  and 
liquid  phase  diffusion  bonding  processes  especially  in  combination  with  superplastic  forming.  The  bonding  mechanisms  and 
bonding  techniques  are  reviewed  and  the  process  variables  that  affect  bond  quality  and  strength  are  described  with  reference  to 
bonds  between  Ti-alloys.  Al-alloys  and  dissimilar  metals.  The  importance  of  quality  control  and  the  limitations  of  current  NDE 
techniques  for  diffusion  bonding  are  emphasised.  Finally  some  trends  and  priorities  in  diffusion  bonding  technology  are 
indicated.  74  ref.— AA 

Category:  55  Controlled  Terms:  Titanium  base  alloys/joining/ Aluminum  base  alloys/Joining/Dissimilar  metals/Joining/ 
Diffusion  welding/Welded  joints/Mechanical  properties/Nondestructive  testing/Quality  control  /  Reviews.  Alloys: 
Ti-6  A1-4V/TI/747  5/701  (l/AL 

52-0232  METADEX  Issue  8802 

Superplastic  Forming  Comes  of  Age. 

Peck.  D.  Mach.  Tool  Blue  Book  Nov.  1 987;  82,  ( 1 1 );  50-54;  ISSN  0024-9 1 06;  in  English 

Superplastic  forming  (SPF)  of  Al  alloy  sheet  is  applicable  where  relatively  high-strength/low-weight  properties  are 
required  in  complex  formed  parts,  but  it  is  not  competitive  with  more  conventional  metal-forming  or  plastic-molding  methods 
for  high-volume,  low-cost  components.  The  four  basic  types  of  SPF  dies  are  female,  female  drape  form,  male,  and  male  drape 
form.  The  primary  advantages  of  SPF  are  that  the  tooling  is  simple  and  relatively  inexpensive.  SPF  is  used  extensively  in  the  US 
for  aircraft  and  aerospace  components.— A.R. 

Category:  52  Controlled  Terms:  Aluminum  base  alloys/Forming/Superplastic  forn.ing/Aircraft  components/Forming. 
Alloys:  2004/Supral  100/Supral  220  /  AL 

31-0682  METADEX  Issue  8802 

The  Mechanical  Properties  of  Superpiastically  Formed  Titanium  and  Aluminium  Alloys 

Partridge.  P.  G.;  McDarmaid,  D.  S.  Royal  Aircraft  Establishment,  British  Aerospace.  AGARD  (NATO)  Aug.  1 987;  6.1  -6.23; 
ISSN  0365-2475;  in  English 

The  behaviour  of  aluminium  and  titanium  alloys  under  superplastic  forming  conditions  is  well  documented  but  there  is 
much  less  published  data  on  the  effect  of  the  superplastic  forming  process  on  the  mechanical  properties;  these  data  are  essential 
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for  the  design  of  structures.  This  paper  reviews  the  effect  of  superplastic  forming  parameters  such  as  temperature,  strain  rate, 
strain  and  post  forming  heat  treatments  upon  the  tensile,  fatigue  and  fatigue  crack  growth  performance  of  these  alloys  and 
relates  the  property  variation  to  changes  in  the  microstructure.  During  superplastic  forming  of  aluminium  alloys  intergranular 
cavities  are  formed  with  increasing  strain  which  degrade  the  material  and  reduce  the  mechanical  properties.  Ways  to  prevent 
cavitation  both  during  and  after  superplastic  forming  have  been  developed  and  the  effect  of  these  treatments  on  the  mechanical 
properties  are  discussed.  29  ref  — AA 

Category:  31.  Controlled  Terms:  Aluminum  base  alloys/Mechanical  properties  /  Titanium  base  alloys/Mechanical 
properties/Superplastic  forming/Strain  rate/Tensile  strength/Deformation  effects/Fatigue  (materials)  /  Deformation  effects/ 
Crack  propagation/Deformation  effects/Cavitation  /  Microstructure.  Alloys:  7475/8090/Supral  220/Supral 
1 00/AL/T1-6A1-4V  /  Ti- 1 5  V-3Cr-3Al-3Sn/n 

55-0234  METADEX  Issue  8801 

Diffusion  Bonding  in  the  Manufacture  of  Aircraft  Structures. 

Stephen,  D.;  Swadling,  S.  J.  AGARD  (NATO)  July  1 986;  (CP-398);  7.1-7. 1 7;  ISSN  0365-2475;  in  English 

Over  the  last  twenty  years,  considerable  Aerospace  Reserach  and  Development  effort  has  been  directed  to  the 
development  of  the  diffusion  bonding  (DJ3.)  process  as  a  means  of  manufacture  of  low  cost  structures.  To  date  the  main  thrust 
of  these  developments  have  been  associated  with  titanium  which  has  inherent  metallurgical  characteristics  which  make  this 
material  ideally  suited  for  joining  by  this  technique.  For  these  titanium  alloys  which  exhibit  superplastic  (SPF)  properties,  the 
combined  processes  of  SPF  and  DB  considerably  extend  the  range  of  low  cost  and  structural  efficient  titanium  aerospace 
components  which  can  be  manufactured;  even  as  replacements  for  conventionally  fabricated  aluminium  alloy  components. 
Recent  developments  in  the  SPF  of  high  strength  aluminiums  and  metal  matrix  composites  has  stimulated  work  in  the  field  of 
DB  of  aluminium.  It  is  thought  that  in  the  longer  term  this  field  of  DB  could  have  the  highest  levels  of  application.  This  paper 
details  the  range  of  aerospace  structural  forms  which  can  and  are  currently  being  manufactured  using  the  diffusion  bonding 
process.  The  processes  options,  bond  integrity,  and  NDT  aspects  are  discussed.  1 8  ref.— AA 

Category:  55.  Controlled  Terms:  Titanium  base  alloys/Welding/ Aluminum  base  alloys/Welding/Diffusion  welding/ 
Superplastic  forming/ Aircraft  components/Welding/Composite  materials/Welding/Welded  joints  /  Nondestructive  testing  / 
Quality  control.  Alloys:  Ti-6Al-4V/TI 

55-0231  METADEX  Issue  8801 

The  Application  of  Diffusion  Bonding  and  Laser  Welding  in  the  Fabrication  of  Aerospace  Structures 

Dunkerton,  S.  B.;  Davies,  C.  J.  AGARD  (NATO)  July  1 986;  (CP-398);  3. 1  -3. 1 2;  ISSN  0365-2475;  in  English 

A  review  is  given  of  work  undertaken  in  both  diffusion  bonding  and  laser  welding  which  is  relevant  to  the  aerospace 
industry.  The  wide  use  of  superplastic  forming/diffusion  bonding  of  titanium  alloys  is  mentioned  with  reference  to  particular 
applications.  This  is  extended  to  include  the  newly  developed  superplastic  aluminium  alloys  and  data  are  presented  on  the 
diffusion  bonding  of  conventional  aluminium  materials.  The  laser  welding  of  aluminium,  steel,  nickel  alloys  and  titanium  alloys 
is  covered  with  detail  given  on  mechanical  properties  such  as  tensile  and  fatigue.  The  weld  quality  is  shown  to  be  tolerant  to 
changes  in  process  parameters  by  means  of  weldability  lobes  while  dimensional  tolerances  such  as  beam/joint  alignment  and 
component  fit-up  can  be  critical.  Finally,  the  development  of  laser  beam  spinning  is  mentioned  with  data  on  the  increased 
tolerance  to  joint  mismatch.  4  ref.— AA 

Category:  55.  Controlled  Terms:  Titanium  base  alloys/Welding/ Aluminum  base  alloys/Welding/Nickel  base  alloys/ 
Welding/Diffusion  welding/Laser  beam  welding/Developmenl/Superplastic  forming/Welded  joints/Mechanical 
properties/Fatigue  (materialsj/Tensile  strength/Weldability.  Alloys:  5083  /  2014A/AL/Ti-6Al-4V/Tl/C263/NI 

8711-1 16856  Compendex 

SUPERPLASTKTTY  FORMS  A  BOND  WITH  SHEET  METAL  PRODUCTS 

Anon.  Aust  Mach  Prod  Eng  v  40  n  2  Mar  1987  p  13-14  Coden:  AMPDA  ISSN:  0004-9719  In  ENGLISH.  Doc.  Type: 
JOURNAL  ARTICLE  Treatment  Des  :  Applications  EXPERIMENTAL 

Two  metallurgical  phenomena  that  are  being  exploited  increasingly  in  the  forming  of  sheet  metal  and  other  components 
largely  for  the  aerospace  industries,  yet  remain  relatively  unused  in  more  general  applications,  are  superplasticity  and  diffusion 
bonding.  Although  both  have  found  their  way  into  processes  in  their  own  right,  it  is  becoming  more  common  to  find  both  used 
in  the  production  of  parts  more  conventionally  associated  with  pressing  and  spot  welding  or  riveting.  The  article  describes  the 
combined  process,  and  its  application  in  the  production  of  such  things  as  one-piece  tanks  and  membrane  forming 

Card-A-Lert  Codes:  535  (Rolling,  Forging  and  Forming)/531  (Metallurgy  and  Metallography)/Controlled  Terms: 
(•SHEET  AND  STRIP  METAL  —  *Forming)  /  (METALS  AND  ALLOYS  —  Superplaslicity)/(BONDING  —  Diffusion)/ 
Uncontrolled  Terms:  SHEET  METAL  PRODUCTS 
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8709-95095  Compendex 

SUPERPLASTICITY  FORMS  A  BOND  WITH  SHEET  METAL  PRODUCTS 

Anon.  Eng  Mater  Des  v  3 1  n  2  Feb  1 987  p  33, 35  Coden:  EMTDA  ISSN:  00 1 3-8045  In  ENGLISH.  Dot  Type:  JOURNAL 
ARTICLE  Treatment  Des.:  GENERAL  REVIEW 

Two  metallurgical  phenomena  that  are  being  exploited  increasingly  in  the  forming  of  sheet  metal  and  other  components 
largely  for  the  aerospace  industries,  yet  remain  relatively  unused  in  more  general  applications,  are  superplasticity  and  diffusion 
bonding.  Although  both  have  found  their  way  into  processes  in  their  own  right,  it  is  becoming  more  common  to  find  both  used 
in  the  production  of  parts  more  conventionally  associated  with  pressing  and  spot  welding  or  riveting 

Card-A-Lert  Codes:  535  (Rolling,  Forging  and  Forming)/531  (Metallurgy  and  MetallographyJ/Controllcd  Terms: 
(•SHEET  AND  STRIP  METAL  -  ‘Forming)  /  (METALS  AND  ALLOYS  -  Superplasticity)/BONDING/Uncont rolled 
Terms:  SHEET  METAL  PRODUCTS/SUPERPLASTIC  FORMING/DIFFUSION  BONDING 

8708-85660  Compendex 

MATERIAL  CHARACTERIZATION  OF  SUPERPLASTICALLY  FORMED  TITANIUM  (Ti-6AI-2Sn-4Zr-2Mo)  SHEET 

Ossa,  William  A.;  Royster,  Dick  M.  PRC  Kentron  Inc,  Hampton,  VA,  USA.  NASA  Tech  Pap  2674  May  1987  38p  Coden: 
NTPAD  ISSN:  0148-834 1  In  ENGLISH  Refs.  fs.  Doc.  Type.  Report  Review  Treatment  Des.:  EXPERIMENTAL 

The  aerospace  industry  has  focused  considerable  interest  on  the  near-alpha  titanium  alloy  Ti-6AI-2Sn-4Zr-2Mo 
(Ti6242)  because  of  both  its  high-temperature  properties  and  its  superplastic  forming  (SPF)  capabilities.  This  paper  describes 
current  research  to  characterize  selected  mechanical  properties  of  Ti-6242  sheet  in  the  SPF-strained  condition,  both  with  and 
without  heat  treatment,  and  compares  the  results  with  those  obtained  on  as-received  material.  Tensile  and  creep  tests  were 
conducted,  and  metal lographic  analysis  was  performed  to  show  the  effect  of  100  to  700  percent  SPF  strain  on  titanium 
properties.  Analysis  shows  that  as  a  result  of  SPF  processing,  both  tensile  and  yield  strengths,  as  well  as  elongation,  are 
moderately  reduced.  Creep  tests  at  800  degree  F  and  1000  degree  F  show  that  the  SPF  processed  material  displays  superior 
creep  resistance  compared  with  the  as-received  material.  (Edited  author  abstract)  1 2 

Card-A-Lert  Codes:  542  (Beryllium,  Magnesium,  Titanium  and  Other  Light  Metals  and  Alloys)/535  (Rolling,  Forging 
and  Forming)/421  (Strength  of  Materials;  Mechanical  Properties)/423  (Miscellaneous  Properties  and  Tests  of  Materials)  / 
Controlled  Terms:  (*TITANIUM  AND  ALLOYS  —  ‘High  Temperature  Effects)/(SHEET  AND  STRIP  METAL  — 
Mechanical  Properties)/(METALS  TESTING  —  Creep)  /  (STRESSES  —  Strain)/Uncontrolled  Terms:  TITANIUM 
SUPERPLASTIC  FORMING/HIGH  TEMPERATURE  PROPERTIES 

N87-2964 1  /4/XAD  NTIS 
Superplasticity 

Advisory  Group  for  Aerospace  Research  and  Development,  Neuilly-sur-Seine  (France).*National  Aeronautics  and  Space 
Administration,  Washington,  DC  (056 1 02000  AD455458).  Rept  no:  AGARD-LS- 1 54,  ISBN-92-835- 1 557-9,  c  1 987, 20 1  p. 
See  also  N87-29642.  Lecture  Series  held  at  Wright-Patterson  AFB.  OH.,  September  24-25, 1 987,  In  Luxembourg,  September 
28-29. 1987;  and  in  London,  England,  September  28-29, 1987  ,  NTIS  Prices:  PC  A 10/MF  A0 1 

No  abstract  available 

Fid:  7 IN.  Controlled  terms:  ‘Alloys/*Cavitation  flow/*Conferences  /  ‘Diffusion  welding/*Process  control  (Industry)/ 
‘Superplasticity  /  Manufacturing/Metal  sheets/Aluminum/Design  analysis/Mechanical  properties/Titanium.  Uncontrolled 
terms:  ‘Foreign  technoIogy/NTISNASAE  /  NTISFNFR 

87A52700  NASA  IAA  Conference  Paper  Issue  24 

Effect  of  Fe  on  superplastic  Al-Li  alloys 

(AA)NAVROTSKI,  G.;  (AB)WARD,  B.  R.  (AAXCornell  University,  Ithaca,  NY);  (AB)(Reynolds  Metals  Co.,  Metallurgy 
Laboratories,  Richmond,  VA).  IN:  Aluminum  alloys:  Their  physical  and  mechanical  properties;  Proceedings  of  the 
International  Conference,  Charlottesville,  VA,  June  15-20,  1986.  Volume  2  (A87-52651  24-26).  Warley,  England. 
Engineering  Materials  Advisory  Services,  Ltd.,  1 986,  p.  1 285- 1 299.  Research  supported  by  Reynolds  Metals  Co.  860000  p. 
1 5  refs  20  In:  EN  (English)  p.3853 

In  principle,  sizeable  reduction  in  weight  of  aerospace  components  can  be  accomplished  by  forming  them  superplastically 
from  lighter  weight,  higher  modulus  aluminum-lithium  alloys.  An  investigation  into  the  effect  of  Fe  and  Cd  on  the  superplastic 
properties  of  an  AI-2.6Cu-2.4Li-0.2Zr  alloy  is  reported.  When  tested  at  a  constant  true  strain-rate,  the  Fe-and  Cd-free  alloys 
performed  better  than  the  Fe  (0.07  percent)-or  Cd  (0.05  percent)-containing  alloys.  Under  conditions  of  constant  cross-head 
speed  testing,  however,  the  formability  of  the  alloys  reversed.  Information  on  the  flow  stress,  strain-rate  sensitivity  value, 
elongation  to  failure,  true  stress-strain  relationships,  microstructures,  and  variance  of  m  is  presented.  Author 

Category  code:  26  (metallic  materials).  Controlled  terms:  ‘ALUMINUM  ALLOYS  /‘IRON  /*LITHIUM  ALLOYS  / 
‘SUPERPLASTICITY/  CADMIUM/MICROSTRUCTURE/STRAIN  RATE/STRESS-STRAIN  RELATIONSHIPS  / 
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87A49627  NASA  IAA  Meeting  Paper  Issue  22 

Designing  for  low  cost  fabrication 

Proceedings  of  the  Workshop,  Loughborough  University  of  Technology.  England,  Apr.  16,  17,  1986  London,  Royal 
Aeronautical  Society,  1987.  233  p.  For  individual  items  see  A87-49628  to  A87-49637.  870000  p.  233  In:  EN  (English) 
$45.12  p.3527 

The  present  conference  discusses  approaches  to  cost  engineering,  the  improvement  of  cost  effectiveness  in  fabrication  of 
aerospace  structures  with  conventional  materials,  the  importance  of  research  to  aerospace  parameters  and  concepts,  airframe 
cost  engineering  methods,  carbon  fiber-reinforced  composite  applications  to  airframes,  the  application  of  composites  to 
propulsion  systems,  and  design  criteria  for  low  cost  structures  fabrication.  Also  discussed  are  low  cost  missile  structure 
fabrication,  the  use  of  plastics  for  the  fabrication  of  a  launch-tube  saddle,  low  cost  composite  rotor  blade  manufacture,  novel 
manufacturing  techniques  for  aircraft,  kevlar  manufacturing  for  weapons  systems,  novel  airframe  bonding  techniques,  and  low 
cost  aluminum  and  titanium  alloy  manufacture  using  superplastic  forming  and  diffusion  bonding.  O.C. 

Category  code:  01  (aeronautics).  Controlled  terms:  ‘AIRCRAFT  DESIGN  /‘CONFERENCES  /‘COST 
EFFECTIVENESS  /"DESIGN  TO  COST  /‘FABRICATION  /‘PRODUCTION  COSTS/ AIRCRAFT  CONSTRUCTION 
MATERIALS/AIRCRAFT  PRODUCTION  COSTS/CARBON  FIBERS/DESIGN  ANALYSIS/FIBER  REINFORCED 
COMPOSITES/LOW  COST/WEAPON  SYSTEMS/WEAPONS  DEVELOPMENT  / 

87A480 1 5  NASA  IAA  Conference  Paper  Issue  2 1 

Superplastic  forming  of  titanium  —  A  production  viewpoint 

(AA)COMLE  Y,  P.  N.  (AA)(Murdock,  Inc.,  Compton,  CA).  IN:  Titanium  1986;  Products  and  applications;  Proceedings  of  the 
Internationa)  Conference,  San  Francisco,  CA,  Oct.  19-22,  1986.  Volume  2  (A87-47976  21-26).  Dayton,  OH.  Titanium 
Development  Association,  1987,  p.  1034-1059. 870000  p.  26.  In:  EN  (English)  p.3377 

The  current  status  of  the  superplastic  forming  (SPF)  of  titanium  is  reviewed  with  emphasis  on  applications  in  the 
aerospace  industry.  In  particular,  attention  is  given  to  the  mechanism  of  SPF  in  titanium  alloys,  the  advantages  of  SPF  and  the 
areas  of  application,  considerations  in  SPF.  and  design  criteria  in  SPF.  The  discussion  also  covers  the  tooling  used  in  the  SPF  of 
titanium,  process  parameters,  the  forming  equipment,  and  the  manufacture  of  an  SPF  part.  V.L. 

Category  code:  26  (metallic  materials).  Controlled  terms:  ‘AIRCRAFT  CONSTRUCTION  MATERIALS  / 
•FORMING  TECHNIQUES  /*HOT  WORKING  /‘METAL  SHEETS  /‘SUPERPLASTICITY  /TITANIUM  ALLOYS 
/TOOLS/ALUMINUM  ALLOYS/COST  EFFECTIVENESS/GRAIN  SIZE  /  THERMAL  EXPANSION/VANADIUM 
ALLOYS/ 

87A48000  NASA  IAA  Conference  Paper  Issue  2 1 

Titanium  diflusion  bonding  in  the  manufacture  of  aircraft  structure  ( AA)STEPHEN,  D.  (AA)(British  Aerospace,  PLC,  Civil 
Aircraft  Div.,  Bristol,  England).  IN:  Titanium  1 986;  Products  and  applications;  Proceedings  of  the  International  Conference, 
San  Francisco,  CA,  Oct.  19-22,  1986.  Volume  2  (A87-47976  21-26).  Dayton,  OH,  Titanium  Development  Association. 
1 987,  p.  603-630. 870000  p.  28  refs  2 1  In:  EN  (English)  p.3376 

The  use  of  diffusion  bonding  (DB)  and  combinations  of  DB  with  other  processes  such  as  superplastic  forming  (SPF)  in  the 
manufacture  of  aerospace  structures  is  reviewed,  with  emphasis  on  titanium  alloy  structures.  In  particular,  attention  is  given  to 
the  theoretical  and  practical  aspects  of  the  basic  DB  process,  the  mechanical  properties  of  DB  joints,  typical  defects  of  DB 
joints,  and  nondestructive  testing  techniques.  The  discussion  also  covers  the  equipment  used  in  DB  processing,  combined  SPF/ 
DB  process,  the  integrity  of  DB  and  SPF/DB  components,  and  the  economic  and  performance  advantages  of  DB  and  SPF/DB 
technology.  V.L. 

Category  code:  26  (metallic  materials)  Controlled  terms:  ‘AIRCRAFT  CONSTRUCTION  MATERIALS  / 
•DIFFUSION  WELDING  f  MECHANICAL  PROPERTIES  /‘METAL  BONDING  /‘SUPERPLASTICITY 
/‘TITANIUM  ALLOYS/FAILURE  MODES/HIGH  TEMPERATURE  TESTS  /  METAL  SHEETS/ 
NONDESTRUCTIVE  TESTS/SHEAR  STRENGTH/SURFACE  ROUGHNESS  / 

8 704-3 1 890  Compendex 

SUPERPLASTICITY  IN  AEROSPACE  -  ALUMINIUM 

Pearce,  Roger  (Ed. );  Kelly,  Larry  (Ed.).  Cranfield  Inst  of  Technology,  Sch  of  Industrial  Science,  Cranfield,  Engl.  Superplast  in 
Aerosp  —  Aluminium,  Cranfield,  Engl,  Jul  12-15  1985  Publ  1985  463p  In  ENGLISH.  Doc.  Type:  Conference  Proceedings 
Treatment  Des.:  Applications  THEORETICAL  EXPERIMENTAL 

This  conference  proceedings  contains  23  papers.  Various  aspects  of  superplastic  forming  of  aluminum  and  aerospace 
structures  are  covered.  Some  of  the  topics  discussed  are  aircraft  materials;  airframes;  aluminum  sheet;  alloy  cavitation; 
metallography;  and  deformation  mechanisms.  Other  topics  covered  include  metal  joining;  welding;  bonding;  alloy  composition 
effect;  grain  size  effect;  microstructures;  and  mechanical  properties.  Technical  and  professional  papers  from  this  conference 
are  indexed  and  abstracted  with  the  conference  code  no.  09130  in  the  Ei  Engineering  Meetings  (TM)  database  produced  by 
Engineering  Information,  Inc 

Card-A-Lert  Codes:  541  (Aluminum  and  Alloys)/535  (Rolling,  Forging  and  Forming)/421  (Strength  of  Materials; 
Mechanical  Properties)/4 1 5  (Metals,  Plastics,  Wood  and  Other  Structural  Materials)/652  (Aircraft)/538  (Welding  and 
Bonding)/Controlled  Terms:  (‘ALUMINUM  AND  ALLOYS  —  *Forming)/(METALS  AND  ALLOYS  —  Superplasticity)/ 
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(AIRCRAFT  MATERIALS  -  Aluminum)/(  AIRCRAFT  -  Airframes)/(METAL  FORMING  - 
Cavitation)/( ALUMINUM  SHEET  -  Forming)  /  Uncontrolled  Terms:  METAL  JOINING/MECHANICAL 
PROPERTIES/METALLOGRAPHY  /  AEROSPACE  STRUCTU  RES/E  IREV 

87A44746  NASA  IAA  Conference  Paper  Issue  19 

Aluminum  lithium  alloys  for  aerospace 

(AA)PEEL,  C.  J.;  (AB)MCDARMAID.  D.  S.  (AB)(Roya!  Aircraft  Establishment.  Materials  and  Structures  Dept.. 
Famborough,  England).  IN:  Materials  in  aerospace;  Proceedings  of  the  First  International  Conference,  London,  England,  Apr. 
2-4,  1986.  Volume  2  (A87-44729  19-23).  London.  Royal  Aeronautical  Society,  1986.  p.348-372.  860000 p.  25  refs  loin: 
EN  (English)  p.2973 

The  development  status  and  prospects  for  Al-Li  alloys  applicable  to  aerospace  structures  are  evaluated  in  light  of  data  for 
various  critical  properties.  Attention  is  given  to  the  damage-tolerance,  medium  strength  and  high  strength  characteristics  of  the 
2090.  2091.  8090,  and  8091  Al-Li  alloys,  with  emphasis  on  such  problematic  requirements  as  the  achievement  of  high 
toughness  in  the  damage-tolerant  condition  and  of  additional  strength  in  sheets  and  forgings,  in  which  the  requisite  nucleation 
of  precipitation  products  is  difficult.  Results  of  recent  corrosion  and  fatigue  tests,  as  well  as  of  studies  of  the  properties  of  the 
8090  alloy  in  sheet  form  after  superplastic  forming,  are  presented.  O.C. 

Category  code:  26  (metallic  materials).  Controlled  terms:  ‘AEROSPACE  INDUSTRY  /‘ALUMINUM  ALLOYS  / 
•LITHIUM  ALLOYS  /*  MECHANICAL  PROPERTIES  /‘WEIGHT  REDUCTION  /  CORROSION 
PREVENTION/DAMAGE  ASSESSMENT/FRACTURE  STRENGTH/HIGH  STRENGTH  ALLOYS/STIFFNESS/ 
SUPERPLASTICITY  / 

87A4473 1  NASA  IAA  Conference  Paper  Issue  1 9 

Materials  in  helicopters  —  A  review 

(AA)HOLT,  D.  (AA){ Westland.  PLC.  Yeovil.  England).  IN:  Materials  in  aerospace;  Proceedings  of  the  First  International 
Conference.  London,  England.  Apr.  2-4, 1986.  Volume  1  (A87-44729  19-23).  London.  Royal  Aeronautical  Society.  I986.p. 
1 7-28. 860000  p.  1 2  In:  EN  (English)  p.2935 

The  application  of  advanced  materials  to  the  construction  of  helicopter  structures  and  mechanical  components  is 
motivated  by  the  desire  to  improve  airworthiness  and  safety,  reduce  empty  weight  fraction,  reduce  purchase  and  operating 
costs,  and  improve  operational  performance  capability.  In  introducing  a  novel  material,  attention  must  be  given  to  intrinsic 
variability  in  basic  material  properties  and  variability  due  to  manufacturing  processes,  as  well  as  to  the  behavior  to  be  expected 
from  the  material  in  the  course  of  use  throughout  its  operational  environment  and  service  life.  An  examination  is  presently 
made  of  glass  and  carbon  fiber-reinforced  plastics,  thermoplastic  matrices,  welded  titanium  alloy,  gearbox  case  magnesium 
alloy  castings,  and  superplastically  formed  structures.  O.C. 

Category  code:  01  (aeronauncs).  Controlled  terms:  ‘AIRCRAFT  CONSTRUCTION  MATERIALS  /‘COMPOSITE 
MATERIALS  /*  HELICOPTER  DESIGN/ AEROSPACE  INDUSTRY  /  ALUMINUM  ALLOYS/ROTOR  BLADES' 
WEIGHT  REDUCTION  / 

87A44729  NASA  IAA  Meeting  Paper  Issue  19 

Materials  in  aerospace 

Proceedings  of  the  First  International  Conference.  London,  England.  Apr.  2-4. 1 986.  Volumes  I  &  2.  Conference  sponsored 
by  the  Royal  Aeronautical  Society.  London,  Royal  Aeronautical  Society.  1986.  Vol.  1. 243  p.;  vol.  2,  213  p.  For  individual 
items  see  A87-44730  to  A87-44750. 860000  p.  456  In:  EN  (English)  Price  of  two  volumes.  $62  p.2962 

The  present  conference  on  state-of-the-art  applications  of  advanced  materials  in  the  aerospace  industries  considers 
topics  in  helicopter  components,  guided  missiles,  propulsion  systems,  spacecraft,  and  airframe  primary  structures.  Attention  is 
given  to  Ti  alloy  castings,  thermoplastic  matrix  composites,  microwave/IR  transparencies,  self-reinforcing  polymers,  carbon/ 
carbon  composites,  engine  hot  component  ceramics,  and  mechanical  alloying  of  Al-Mg-Li  alloys.  Also  discussed  are 
superalloy  component  durability  enhancement  methods,  metal-matrix  composites,  the  superplastic  forming/diffusion  bonding 
of  Ti  alloys,  and  Al-Li  alloys  for  aerospace  applications.  O.C. 

Category  code:  23  (chemistry/materials).  Controlled  terms:  ‘AIRCRAFT  CONSTRUCTION  MATERIALS  / 
•COMPOSITE  MATERIALS  /*  CONFERENCES  /‘HEAT  RESISTANT  ALLOYS/ALUMINUM 
ALLOYS/CARBON-CARBON  COMPOSITES/CERAMICS/CORROSION  PREVENTION/HELICOPTERS/ION 
IMPLANTATION/LITHIUM  ALLOYS/LUBRICATION  /  MAGNESIUM  ALLOYS/METAL  SURFACES/ 
REINFORCED  PLASTICS/SURFACE  FINISHING  /  TITANIUM  ALLOYS  / 

6 1  -060 1  METADEX  Issue  8710 

The  British  Aerospace  Experimental  Aircraft  Programme  and  the  Role  of  System  Development  Cockpits. 

Whiteside.  P.  V.  ICAS  1 986: 1 5th  Congress  of  the  International  Council  of  the  Aeronautical  Sciences.  Vol.  I ;  London,  UK;  7- 
12  Sept.  1986;  American  Institute  of  Aeronautics  and  Astronautics;  1633  Broadway,  New  York,  New  York  10019,  USA; 
1 986;  87 1 0-72-053 1 ;  20 1  -2 1 2;  in  English 

An  overview  of  the  BAe  experimental  aircraft  programme  (EAP).  including  a  resume  of  previous  work  that  has  been 
contributory  to  its  success,  is  presented.  Emphasis  is  placed  on  the  systems  aspects  of  the  aircraft,  outlining  the  architecture  and 
materials  employed  including  carbon  fibre  composite  wing  skins  and  spars,  superplastic  formed/diffusion  bonded  Ti 


B-18 


structures  used  in  between  the  engines  and  Al— Li  alloy  used  in  the  flaperon  skins,  the  design  and  software  production 
philosophy,  finally  focusing  on  the  system  development  and  test  philosophy.  Included  in  the  final  section  is  a  description  of  the 
EAP  development  cockpit  and  other  complimentary  facilities  that  played  a  major  role  in  the  design  of  the  EAP  cockpit.— AA 

Category:  61.  Controlled  Terms:  Aluminum  base  alloys/Titanium/ Aircraft  Components/Materials  selection/Military 
pianes/Materials  selection 

51-1619  METADEX  Issue  8710 

■Saprrphwir  Firming  -  a  New  PsssIMBty  for  Light  Aloys. 

Green.  D.  Lamiera  Apr.  1 986;  23.(4);  1 12-1 1 3;  ISSN  0391  -589 1 ;  in  Italian 

Based  on  the  recent  practice  of  the  British  Aerospace  Company  principles,  applications  and  advantages  of  superplastic 
forming  are  presented.  Titanium  alloys  (type  Ti— 6AI— 4V)  present  an  excellent  formability,  obtaining  both  weight-and 
production  cost-reduction.  Superplastic  forming  is  combined  with  diffusion  bonding  for  efficient  use  in  the  aerospace  industry. 
Superplastic  forming  of  Al  and  Al  alloys  is  briefly  outlined,  claiming  good  results  for  Supral  type  alloy  (Superform  Metals). 
Possibilities  of  using  Al— Li  alloys  are  pointed  out.— KX 

Category:  51.  Controlled  Terms:  Titanium  base  alloys/Metal  working/ Aluminum  base  alloys/Metal  working/ 
Superplastic  forming/Diffusion  welding  /  Economics/Aerospace.  Alloys:  Ti-6AI-4V/TI 

54-0745  METADEX  Issue  8708 

Development  of  Particulate  Reinforced  High  Strength  Aluminum  Alloy  for  Aerospace  Applications. 

Nair.  C.  G.  K.;  Krishnadev.  M.  R.;  Dutta,  D.  Advanced  Materials  Technology  '87;  Anaheim.  California.  USA;  6-9  Apr.  1 987; 
Society  for  the  Advancement  of  Material  and  Process  Engineering;  P.O.  Box  2459.  Covina,  California  91722,  USA;  1987; 
8708-72-0443;  889-90 1 ;  in  English 

A  SiC  particulate  reinforced  high  strength  Zr  refined  Al— 6Zn— 2.3Mg—  1 ,8Cu  alloy  has  been  developed  through  the 
powder  metallurgy  route.  Powder  prepared  by  gas  atomization  is  mixed  with  SiC  particulates  ( approx  —  10  mu  m)  canned  in 
vacuum,  followed  by  hot  pressing  and  extrusion.  Microstructure  and  properties  of  the  composite  are  discussed.  The  resulting 
alloy  is  forgeable  and  heat-treatable  to  develop  high  strength.  The  matrix  can  be  made  superpiastic  by  thermomechanical 
treatment  and  this  makes  the  composite  more  versatile.  The  alloy  is  economical  to  produce  and  is  considerably  cheaper  than 
Al— Li  alloys.  The  development,  processing,  properties  and  potential  applications  of  the  alloy  are  discussed.  Both  optical  and 
scanning  electron  microscope  have  been  used  to  study  the  microstructure  and  fracture.  4  ref.— AA 

Category:  54.  Controlled  Terms:  Aluminum  base  alloys/Powder  technology  /  Silicon  carbide/ Alloying  additive/ 
Dispersion  hardening  alloys/Alloy  developmem/Powder  metallurgy  parts/Alloy  development/Hot  pressing  / 
Thermomechanical  treatment  /  Aircraft  Components/Materials  selection/Gears  /  Materials  Selection/Automotive  engines/ 
Materials  selection.  Alloys:  AI-6Zn-2.3Mg-l.8Cu/AL 

31-3447  METADEX  Issue  8708 

Material  Characterization  of  Superplastically  Formed  Titanium  (Tt— 6AI— 2Sn— 4Zr— 2Mo)  Sheet.  (Pamphlet) 

Ossa,  W.  A.;  Royster,  D.  M.  NASA  Tech.  Pap.  NASA  TP-2674;  May  1 987;  Pp  35;  in  English 

The  aerospace  industry  has  focused  considerable  interest  on  the  near-alpha  Ti  alloy,  Ti— 6A1— 2Sn— 4Zr— 2Mo  (Ti- 
6242)  because  of  both  its  high-temperature  properties  and  its  superpiastic  forming  (SPF)  capabilities.  Current  research  to 
characterize  selected  mechanical  properties  of  Ti-6242  sheet  in  the  SPF-strained  condition,  both  with  and  without  heat 
treatment  is  outlined,  and  compared  with  the  results  of  those  obtained  on  as-received  material.  Tensile  and  creep  tests  were 
conducted,  and  metallographic  analyses  performed  to  show  the  effect  of  100-700%  SPF  strain  on  Ti  properties.  Analysis 
shows  that  as  a  result  of  SPF  processing,  both  tensile  and  yield  strengths,  as  well  as  elongation,  are  moderately  reduced.  Creep 
tests  at  800  deg  C  and  1 000  deg  F  (427  and  538  deg  C)  show  that  the  SPF  processed  material  displays  superior  creep  resistance 
compared  with  the  as-received  material.  A  post-SPF  duplex-anneal  heat  treatment  had  no  beneficial  effect  on  tensile  and 
creep  properties. 

Category:  3 1 .  Controlled  Terms:  Titanium  base  alloys/Mechanical  properties  /  Sheet  metal/Mechanical  properties/ 
Tensile  properties/Deformation  effects  /  Creep  (materialsJ/Deformation  effects/Superplastic  forming.  Alloys: 
Ti-6Al-4Zr-2Sn-2Mo/Ti-6242/TI 

87A25709  NASA  IAA  Journal  Article  Issue  10  On  the  transition  from  superpiastic  to  non-superplastic  deformation  at  high 
strain  rates 

(AAJCHOKSHI,  ATUL  H.;  (AB)MUKHERJEE,  AMIYA  K.  (ABXCalifomia,  University,  Davis)  AF-AFOSR-86-00575 
Scripta  Metallurgica  (ISSN  0036-9748),  vol.  20,  Dec.  1 986,  p.  1 77 1  - 1 774. 86 1 200  p.  4  refs  1 8  In:  EN  (English)  p.  1 403 

The  role  of  subgrain  size  in  the  transition  at  high  strain  rates  from  the  superpiastic  region  II  to  the  nonsuperplastic  region 
m  was  critically  examined,  using  a  modified  equation  of  Bird  et  al.  ( 1 969),  which  relates  the  subgrain  size  to  the  applied  stress. 
The  theoretical  predictions  were  compared  with  literature  data  on  the  following  materials:  Zn-0.1  pet  Ni-0.05  pet  Mg,  Cu-2.8 
pet  Al-l  .8  pet  Si-0.4  pet  Co,  Mg-34  pet  Al,  and  Pb-62  pet  Sn.  The  results  suggest  that  the  transition  at  high  strain  rates  is  not 
caused  solely  by  the  development  of  subgrains  with  dimensions  equal  to  the  grain  size.  Deformation  at  high  strain  rates  in 
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region  III  is  attributed  to  intergranular  dislocation  creep,  with  significant  contributions  from  grain  boundary  sliding.  It  is 
suggested  that  superplasticitv  can  be  extended  to  higher  strain  rates,  by  decreasing  the  grain  size  and  by  adding  suitable 
elements  that  will  influence  the  appropriate  diffusivities  in  regions  II  and  in.  I.S. 

Category  code:  26  (metallic  materials).  Controlled  terms:  ‘EUTECTIC  ALLOYS  /"GRAIN  BOUNDARIES  /'GRAIN 
SIZE  /'PLASTIC  DEFORMATION  /'STRAIN  RATE  /'SUPERPLASTICITY/AEROSPACE  INDUSTRY 
ELONGATION/MECHANICAL  PROPERTIES  /  MICROSTRUCTURE  / 

TIB/B86-80862/XAD  NTIS 

Konstnueren  mil  superpfantisch  urageformten  Blechbauteiten  in  der  Luft-und  Raumfahrt  (Designing  with  Super-Elastic 
Formed  Sheet  Metal  Parts  in  Aerospace  and  Space  Travel) 

Winkler,  PJ.;  Maerkis,  F.  Messerschmitt-Boelkow-Blohm  G.m.b.H„  Munich  (Germany,  F.R.).  Information  und 
Dokumentation  (064776008)  Rcpt  no:  MBB-BB— 581/84-Oe,  1984.  I7p.  In  German.  VDI  conference  on  designing  with 
sheet  metal.  Essen  (Germany.  F.R.).  8-9  Nov  1984.  Also  published  in  VDI-Berichte  no.  523  (1 984)  p.  207-223.  NTIS  Prices: 
PC  E07 

Some  high  strength  aluminium  or  titanium  alloys  important  for  aerospace  and  space  travel  have  superelastic  properties. 
Superelastic  forming,  whose  technical  and  economic  advantages  are  described,  makes  it  possible  to  manufacture  complicated 
formed  components.  This  expands  the  design  possibilities.  Suitable  metal  forming  and  manufacture  of  parts  is  described  with 
the  example  of  some  helicopter  parts.  (RHM).  (Copyright  (c)  1 986  by  FIZ.  Citation  no.  86:080862.) 

Fid:  7 IN.  5 1C.  84G.  84C.  Controlled  terms:  'Mechanical  properties/'Titanium  alloys/'Aluminium  alloys/ 
Superplasticity/Elongation/Plastic  deformation  /  Eutectic  alloys/ Aircraft  design/Metal  sheets.  Uncontrolled  terms:  'Foreign 
technology/NTISFIzVNTISFNGE/NTISLNGER 

N87-1 7060/ 1/XAD  NTIS 

Application  du  Soudage  Par  Diffusion  Associe  au  Formage  Superplastique  (SPF/DB)  a  la  Realisation  de  Structures  en  Toles 
Minces  de  Ta6v  (Application  of  Diffusion  Bonding  Combined  with  Superplastic  Forming  (SPF/DB)  to  the  Fabrication  ofTagv 
Metal  Sheet  Structures) 

Boire,  M.;  Jolys,  P.  Societe  Nationale  Industrielle  Aerospatiale,  Suresnes  (France).  Lab.  Central.'National  Aeronautics  and 
Space  Administration,  Washington.  DC  ( 07 173900 1  SQ456835).  Jul  86. 1 4p,Text  in  French.  In  AGARD  Advanced  Joining 
of  Aerospace  Metallic  Materials  1 4p,  NTIS  Prices:  (Order  as  N8  7- 1 705 1  PC  A 1 2/MF  A0 1 ) 

The  potential  applications  of  combined  superplastic  forming  atld  diffusion  bonding  (SPF/DB)  technology  to  the 
fabrication  of  TA6V  titanium  alloy  structures  are  discussed.  The  conditions  for  the  application  of  this  technology  are 
summarized  as  well  as  the  impacts  of  certain  material  properties.  Examples  of  structural  fabrication  processes  are  presented 
and  an  economical  technique  is  suggested.  Finally,  the  main  problems  which  need  to  be  resolved  for  a  fully-developed 
industrial  process  are  examined 

Fid:  4 IF,  94G.  Controlled  terms:  'Diffusion  welding/'Forming  techniques  /  'Metal  sheets/'Metal-metal  bonding/ 
'Superplasticity/'Titanium  alloys  /  Economic  factors/Fabrication/Plastic  deformation/Pressure  dependence  /  Production 
engineering  /  Temperature  dependence.  Uncontrolled  terms:  'Foreign  technology /NTISN  ASAE/NTISLNFRE/NTISFNFR 

52-0941  METADEX  Issue  8706 

Application  of  Aluminum  Alloy  Superplasticity  in  Aerospace. 

Matsuo,  M.  J.  Jpn.  Inst.  Light  Met.  Jan.  1986;  36,  ( 1 );  43-50;  ISSN  0451-5994;  in  Japanese 

A  review  of  the  application  of  Al  alloy  superplasticity  in  aerospace  was  made.  Superplastic  forming  (SPF)  could  save  50% 
weight,  reduce  the  size  of  parts  and  decrease  the  maintenance  costs.  The  typical  superplastic  Al  alloys,  Supral  100,  220  and 
Al— Li  alloys  (8090)  are  described.  The  maximum  elongation  for  the  alloys  was  500-700%.  The  cavitation  and  the  influences 
of  grain  size  and  intermetallic  compounds  during  superplastic  forging  are  discussed.  Cavitation  could  be  eliminated  by  high 
temperature  hydraulic  pressure  after  SPF.  The  diffusion  bonding  of  the  SPF  Al  alloys  is  described.  The  parts  of  the  fighter 
planes  and  helicopters  which  could  be  processed  with  SPF  are  indicated.  23  ref.— X.S. 

Category:  52.  Controlled  Terms:  Aircraft  components/Metal  working/Aluminum  base  alloys/Metal  working/ 
Superplastic  forming/Cavitation/Hot  isostatic  pressing/Fatigue  life.  Alloys:  Supral  220/8090/AL 

51-1 098  METADEX  Issue  8706 

Progress,  Problems  and  the  Future  in  Rapid  Solidification  Technology. 

Grant,  N.  J.  The  Second  International  Conference  on  Iron  and  Steel  Technology  and  New  Materials:  Pohang.  South  Korea;  7-9 
Oct.  1986;  Pohang  Iron  and  Steel  Co.  (POSCO) ;  Pohang,  South  Korea;  1986;  8706-72-0360;  173-1 98;  in  English 

Because  of  perceived,  urgent,  near  term  applications  for  Al  alloys  and  for  Ni-base  superalloys,  it  is  not  suprising  to  find 
that  funding  for  these  two  classes  of  alloys  was  more  abundant  and  developments  in  alloys,  processes  and  properties  more 
spectacular  than  for  ordinary  steels,  copper  base  alloys,  etc.  These  are  alloys  which  have  an  important  bearing  on  aircraft  and 
aerospace  applications.  In  the  course  of  the  development  of  rapid  solidification  technology  (RST)  and  processing  (RSP), 
developments  which  are  still  extremely  young,  one  would  expect  that  parallel  developments  would  take  place  in  alloy  design 
and  alloy  processing;  in  techniques  for  achieving  the  desired  high  quenching  and  high  solidification  rates;  and  in  learning  to  live 
with  a  spectrum  of  new  problems  such  as  highly  increased  reactivity  due  to  fine  powder  sizes,  new  types  and  sources  of 
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contamination,  new  consolidation  methods,  etc.  In  spile  of  the  emphasis  on  At  and  superalloy  materials,  there  has  been 
sufficient  work  done  with  high  speed  tool  steels,  stainless  steels,  Cu  base  alloys,  magnesium  alloys  and  low  alloy  steels  to  be 
convinced  that  RST  benefits  are  not  reserved  to  the  high  alloy  materials,  the  high  priced  materials,  the  unusual  or  peculiar 
compositions,  etc.  Excellent  results  have  been  achieved  in  almost  every  class  of  alloy,  clearly  with  greater  or  lesser  degrees  of 
benefit  depending  on  the  properties  of  interest.  28  ref.— AA 

Category;  $1.  Controlled  Terms:  Aluminum  base  alloys/Casting/Superalloys  /  Casting/Steels/Casting/Copper  base 
alloys/Casting/Magnesium  base  alloys/Casting/Rapid  solidification/Mechanical  properties/Cooling  effects/Superplasticity. 
Alloys-  2024/Al-4.5Cu-1.6Mg-lLi  /  Al-4.5Cu-1.6Mg-3Li/Al-4.5Cu-1.6Mg-1.6Li/X2020/7075/A)-6.7Mg-1.6Li/AL  / 
IN  1 00/Mar  M509/NI/SP/316/Fe-0.05C-17Cr-12Ni-2.5Mo-0.3Ti  /  Fe-0.15C-17Cr-12Ni-2.5Mo-0.9Ti/Fe-0.25C-17Cr~ 
12Ni-2.5Mo-I.5Ti/SSA  /  Fe-0.03C-23.5Cr-5Ni-ICu-l.5Mo/Fe-0.04C-23Cr-7Ni-ICu-l.5Mo  / 

Fe-0.09C-27Cr-5.5Ni- 1  Cu- 1 .5Mo-0. 1 1  Nb/Fe-25Cr-20Ni- 1 2B/SSD 

87N20959#  NASA  STAR  Conference  Proceedings  Issue  1 4 

Net  shape  technology  in  aerospace  structures.  Volume  3.  Appendix.  Emerging  Net  Shape  Technologies. 

Presentations  of  a  workshop  held  on  March  27-29, 1985  in  Santa  Barbara,  Califomia/Final  Report,  1984—  1986 
(AA)STEINBERG,  MORRIS  A.  National  Academy  of  Sciences  —  National  Research  Council,  Washington,  D.  C. 
(NB2 105 13)  Committee  on  Net  Shape  Technology  in  Aerospace  Structures.  AD-A 1765 10  F49620-85-C-0I07  861200  p. 
526  Workshop  held  in  Santa  Barbara,  Calif.,  27-29  Mar.  1985  In:  EN  (English)  Avail:  NTIS  HC  A23/MFA01  p.1843 

This  report  is  in  four  volumes.  Papers  presented  by  invited  speakers  at  the  workshops  appear  in  Volume  3  (emerging 
technologies).  This  document  is  an  appendix  to  Net  Shape  Technology  in  Aerospace  Structures,  Vol.  1 .  It  contains  30  reports 
by  representatives  of  industry  on  emerging  net  shape  technologies  for  the  fabrication  of  aerospace  parts.  Technologies  include: 
powder  metallurgy,  coatings,  superplastic  forming/diffusion  bonding,  hot  isostatic  pressing,  ceramic-ceramic  composites. 
These  reports  were  presented  at  a  workshop  held  March  27  to  29, 1985  in  Santa  Barbara,  California.  GRA 

Category  code:  01  (aeronautics).  Controlled  terms:  ‘AEROSPACE  VEHICLES  /‘AIRCRAFT  STRUCTURES  / 
•ALUMINUM  ALLOYS  /‘CERAMICS  /*COATINGS  /*CONFERENCES  /‘DIFFUSION  WELDING 
/‘FABRICATION  /‘HEAT  RESISTANT  ALLOYS  /‘HOT  PRESSING  /‘ISOSTATIC  PRESSURE  /TITANIUM 
ALLOYS/AEROSPACE  SYSTEMS/CALIFORNIA  /  COMPOSITE  MATERIALS/COMPOSITE  STRUCTURES/ 
POWDER  METALLURGY/PRODUCTION  ENGINEERING/SHAPES  / 

87N20957#  NASA  STAR  Technical  Report  Issue  14 

Net  shape  technology  in  aerospace  structures.  Volume  1 /Final  Report,  1984  —  1986 

(AA)STEINBERG,  MORRIS  A.  National  Academy  of  Sciences  —  National  Research  Council,  Washington,  D.  C. 
(NB2 105 13)  Committee  on  Net  Shape  Technology  in  Aerospace  Structures.  AD-A  176508  F49620-85-C-0107  861100  p. 
1 17  In:  EN  (English)  Avail:  NTIS  HC  A06/MF  A01  p.1843 

This  report  is  in  four  volumes.  Volume  1  is  the  committee's  assessment  of  the  state  of  net  shape  technology  for  aerospace 
applications  based  on  briefings  and  discussion  at  the  workshops.  This  report  is  an  assessment  of  current  and  possible 
applications  of  net  shape  technologies  by  the  Air  Force,  including:  precision  forging  of  alloys,  powder  metallurgy,  structural 
ceramics,  superplastic  forming,  diffusion  bonding,  vapor  deposited  coatings,  etc.;  and  composites,  including  organic  matrix 
composites,  metal  matrix  composites,  ceramic  and  carbon  matrix  composites  in  the  manufacture  of  aircraft  components.  It  also 
includes  road  maps  of  research  and  development  efforts  in  performance  and  manufacturing  technologies  and  resource 
allocation.  GRA 

Category  code:  01  (aeronautics).  Controlled  terms:  ‘AEROSPACE  VEHICLES  /‘AIRCRAFT  EQUIPMENT  / 
•AIRCRAFT  STRUCTURES  /‘ALUMINUM  ALLOYS  /‘COMPOSITE  MATERIALS  /‘COMPOSITE  STRUCTURES 
/*  CONFERENCES  /‘MANUFACTURING  /‘MATRIX  MATERIALS  /‘METAL  MATRIX  COMPOSITES  /* 
POWDER  METALLURGY  /‘PRODUCTION  ENGINEERING  /‘RESOURCE  ALLOCATION  /‘SHAPES/ 
AEROSPACE  SYSTEMS/ARMED  FORCES  (UNITED  STATES)/CARBON/CERAMICS/COATINGS/DIFFUSION 
WELDING/FORGING  /  HEAT  RESISTANT  ALLOYS/NETS/NICKEL  ALLOYS/ORGANIC  MATERIALS/STEELS 
/  TITANIUM  ALLOYS/VAPOR  DEPOSITION  / 

31-2670  METADEX  Issue  8706 

Superplasticity  in  an  Al— Li— Cu— Mg— Zr  Alloy. 

Otsuka,  M,;  Tsurumaki,  K.;  Niimura,  M.;  Horiuchi,  R.  J.  Jpn.  Inst.  Light  Met.  Nov.  1 986;  36,  ( 1 1 );  752-758;  ISSN  045 1  -5994; 
in  Japanese 

Superplastic  behavior  of  an  Al— Li— Cu— Mg— Zr  alloy  (Lital  A)  for  aerospace  application  has  been  investigated  over  the 
temperature  range  600-800K  and  the  initial  strain  rate  range  1  x  10  exp  — 4  -  I  x  10  exp  —2  s  exp  —  1  .  In  cold-roiled  and 
annealed  sheet  specimens  having  fine  and  equiaxed  grains  of  approx  5  mu  m  diameter,  superplasticity  was  observed  >  725K, 
wherein  the  maximum  elongation  of  480%  appeared  and  the  strain  rate  sensitivity  was  determined  to  be  0.45  at  800K.  As- 
rolled  sheet  specimens  became  much  more  superplastic  than  annealed  ones,  when  holding  time  prior  to  the  tensile  test  was 
chosen  appropriately.  No  improvement  in  ductility  was  found  in  the  temperature  increasing  tensile  tests.  Extruded  specimens 
having  fine  but  elongated  grain  structure  did  not  show  superplasticity  at  all.  probably  because  grain  boundary  sliding  was 
suppressed  due  to  a  geometrical  reason.  22  ref  — AA 


Category:  31.  Controlled  Terms:  Aluminum  base  alloys/Mechanical  properties  t  Superplasticitv/LithiunC Alloying 
elements.  Alloys.Lital  A /AI-2.7Li-1.2Cu-0.9Mg-0.l4Zr/AI-2.4Li-L2Cu-07Mg-0.14Zr/AL 

57-0471  METADEX  Issue  8705 

Application  of  Stop-Off  Coating  by  Ion  Plating. 

Turner.  B.J.  British  Aerospace  150ct.  1986;  26  Mar.  1986;  in  English.  Patent  no:  GB2 17351 1  A;  UK 

A  method  is  disclosed  of  applying  a  dense  tightly  adhering  stop-off  coating  to  the  surface  of  a  substrate  including  steps  of 
introducing  the  substrate  into  an  inert  atmosphere  maintained  at  a  low  pressure  and  depositing  on  the  surface  the  stop-off 
material  by  means  of  an  ion-plating  process.  The  substrate  is  a  metal  blank  part  of  an  article  to  be  produced  by  a  plastic  forming 
and  diffusion  bonding  process  or  it  may  be  a  mould  tool  for  use  in  a  superplastic  forming  process.  The  stop-off  material  is 
preferably  yttria  boron  nitride,  graphite  or  alumina,  and  the  coating  has  a  thickness  of  the  order  of  2  mu  m.  The  stop-off  coating 
prevents  bonding  of  adjacent  metal  parts  during  forming  or  diffusion  bonding. 

Category:  57.  Controlled  Terms:  Ion  plating/Inert  atmospheres/Protective  coatings/Diffusion  welding/Forming 

54-0465  METADEX  Issue  8705 

Titanium  NNS  Technology  Shaping  Up. 

Kubel.  E.  J.  Jr.  Adv.  Mater.  Process,  inc.  Met.  Prog.  Feb.  1987;  131,  (2);  46-50;  ISSN  0026-0665;  in  English 

Developments  regarding  near-net-shape  (NNS)  processing  of  Ti  alloys  for  aerospace  structures  are  discussed.  The 
processes  include  precision  casting,  powder  metallurgy  (PM)  fabrication,  precision  forging  and  superplastic  forming/diffusion 
bonding  (SPF/DB).  Specific  materials  mentioned  include  Ti— 6AI— 4V  sandwich  structures,  Ti— 6AI— 6V— 2Sn.  Ti— 10V— 
2Fe— 3AI,  Ti-5AI-2.5Sn  and  Ti-8A1.-J.M.S. 

Category:  54.  Controlled  Terms:  Titanium  base  alloys/Powder  technology  /  Powder  metallurgy  parts/Sintering  (powder 
metallurgy)/Cold  pressing/Hot  isostatic  pressing/Precision  forging/Superplastic  forming 

87N 1 7056NASA  STAR  Conference  Paper  Issue  09 

Diffusion  bonding  in  the  manufacture  of  aircraft  structure 

( AA)STEPHEN,  D.;  (AB)SWADLING,  S.  J.  British  Aerospace  Aircraft  Group.  Bristol  (England).  (BX274903)  Civil  Aircraft 
Div.  In  AGARD  Advanced  Joining  of  Aerospace  Metallic  Materials  17  p  (SEE  N87- 17051  09-37)  860700  p.  17  In:  EN 
(English)  Avail:  NTISHC  A 12/MF  A0 1  p.l  183 

Over  the  last  twenty  years,  considerable  aerospace  research  and  development  effort  has  been  directed  to  the  development 
of  the  diffusion  bonding  (DB)  process  as  a  means  of  manufacture  of  low  cost  structures.  To  date  the  main  thrust  of  these 
developments  have  been  associated  with  titanium  which  has  inherent  metallurgical  characteristics  which  make  this  material 
ideally  suited  for  joining  by  this  technique.  For  these  titanium  alloys  which  exhibit  superplastic  properties,  the  combined 
processes  of  superplastic  forming  (SPF)  and  DB  considerably  extend  the  range  of  low  cost  and  structurally  efficient  titanium 
aerospace  components  which  can  be  manufactured:  even  as  replacements  for  conventionally  fabricated  aluminum  alloy 
components.  Recent  developments  in  the  SPF  of  high  strength  aluminums  and  metal  matrix  composites  has  stimulated  work  in 
the  field  of  DB  of  aluminum.  It  is  thought  that  in  the  longer  term  this  field  of  DB  could  have  the  highest  levels  of  application. 
This  paper  details  the  range  of  aerospace  structural  forms  which  can  and  are  currently  being  manufactured  using  the  diffusion 
bonding  process.  The  process  options,  bond  integrity,  and  nondestructive  test  (NDT)  aspects  are  discussed.  Author 

Category  code:  37  (mechanical  engineering).  Controlled  terms:  ‘AIRCRAFT  PRODUCTION  /‘AIRCRAFT 
STRUCTURES  /‘ALUMINUM  ALLOYS  /‘DIFFUSION  WELDING  /‘MANUFACTURING  /‘METAL-METAL 
BONDING  /TITANIUM  ALLOYS  /*  WELD  STRENGTH  /  DEFECTS/ECONOMIC  FACTORS/FORMING 
TECHNIQUES/NONDESTRUCTIVE  TESTS  /  SUPERPLASTICITY  / 

87N 1 7054#  NASA  STAR  Conference  Paper  Issue  09 

The  application  of  diffusion  bonding  and  laser  welding  in  the  fabrication  of  aerospace  structures 

(AA)DUNKERTON,  S.  B.;  (AB)DAWES.  C.  J.  Welding  Inst..  Cambridge  (England).  (WM3I3I75)  Solid  Phase  Welding 
Group.  In  AGARD  Advanced  Joining  of  Aerospace  Metallic  Materials  1 2  p  (SEE  N87- 1 705 1  09-37)  860700  p.  1 2  In-  EN 
(English)  Avail:  NTIS  HC  A 1 2/MF  A0 1  p.  1 1 82 

A  review  is  given  of  work  undertaken  in  both  diffusion  bonding  and  laser  welding  which  is  relevant  to  the  aerospace 
industry.  The  wide  use  of  superplastic  forming/diffusion  bonding  of  titanium  alloys  is  mentioned  with  reference  to  particular 
applications.  This  is  extended  to  include  the  newly  developed  superplastic  aluminum  alloys  and  data  are  presented  on  the 
diffusion  bonding  of  conventional  aluminum  materials.  The  laser  welding  of  aluminum,  steel,  nickel  alloys  and  titanium  alloys  is 
covered  with  detail  given  on  mechanical  properties  such  as  tensile  and  fatigue.  The  weld  quality  is  shown  to  be  tolerant  to 
changes  in  process  parameters  by  means  of  weldability  lobes  while  dimensional  tolerances  such  as  beam/joint  alignment  and 
component  fit-up  can  be  critical.  Finally,  the  development  of  laser  beam  spinning  is  mentioned  with  data  on  the  increased 
tolerance  to  joint  mismatch.  Author 

Category  code:  37  (mechanical  engineering).  Controlled  terms:  ‘AEROSPACE  ENGINEERING  /“ALUMINUM 
ALLOYS  /"DIFFUSION  WELDING  /“FABRICATION  /“LASER  WELDING  /TITANIUM  ALLOYS  /“WELD 
STRENGTH  /“WELDED  JOINTS  /  METAL  FATIGUE  /  MISALIGNMENT/NICKEL  ALLOYS/STEELS/ 
SUPERPLASTICITY  /TENSILE  STRENGTH  / 
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87N 1 705 1  #  NASA  STAR  Conference  Proceedings  Issue  09 

Advanced  Joining  of  Aerospace  Metallic  Materials  (conference  proceedings) 

Advisory  Group  for  Aerospace  Research  and  Development,  Neuilly-Sur-Seine  (France).  (AD455458)  Structures  and 
Materials  Panel.  AGARD-CP-398;  ISBN-92-835-0397-X;  AD-A1 73979  Loughton,  England  860700  p.  270  Meeting  held  in 
Oberammergau.  West  Germany,  1 1-13  Sep.  1985  In  ENGLISH  and  FRENCH  In:  AA  (Mixed)  Avail:  NT1S  HC  A12/MF 
A01  p.1182 

The  papers  contained  in  this  report  provide  a  review  of  the  state-of-the-art  of  advanced  joining  techniques  currently 
available  to  the  manufacturers  of  aerospace  equipment  and  identify  newly  emerging  techniques  and  joining  problems. 
Computational  weld  mechanics,  diffusion  bonding  and  superplastic  forming,  electron-beam  welding,  tungsten  inert  gas 
welding,  inspection  methods,  and  repair  techniques  are  addressed.  For  individual  titles  see  N87-1 7052  through  N87-17071. 

Category  code:  37  (mechanical  engineering)  Controlled  terms:  ’AEROSPACE  ENGINEERING  /’CONFERENCES  / 
•DIFFUSION  WELDING  /*  ELECTRON  BEAM  WELDING  /’GAS  TUNGSTEN  ARC  WELDING 
/•METAL-METAL  BONDING  /*WELD  TESTS  /’WELDED  JOINTS  /  AIRCRAFT  MAINTENANCE/AIRCRAFT 
PRODUCTION/ENGINE  PARTS/HEAT  RESISTANT  ALLOYS/INSPECTION/NONDESTRUCTIVE  TESTS/ 
ULTRASONIC  FLAW  DETECTION  / 

87N17032#  NASA  STAR  Conference  Paper  Issue  09 

Diffusion  welding  of  component  parts  in  the  aviation  and  space  industries 

(AA)DISAM,  J.;  (AB)MIETRACH,  D.  Royal  Aircraft  Establishment,  Farnborough  (England).  (R2785060)  RAE-TRANS- 
2147  Transl.  into  ENGLISH  of  conference  paper  “Diffusionsschweissen  von  Bauteilen  in  der  Luft-und  Raumfahrt"  presented 
at  the  International  Conference  on  Brazing,  High-Temperature  Brazing  and  Diffusion  Welding,  1981  860400  p.  12 
Conference  held  in  Duesseldorf,  West  Germany,  21-22  Sep.  1981;  sponsored  by  German  Welding  Society  In:  EN  (English) 
Avail:  NTIS  HC  A02/MF  A0 1  p.  1 1 79 

Investigations  were  performed  and  successfully  completed  an  the  materials  combinations  titanium/btanium,  steel/steel, 
titanium/aluminum,  titanium/permen-  orm,  and  aluminum/aluminum.  Experience  gained  during  the  ZKP  flap-track  program, 
as  well  as  during  the  manufacturing  of  heat  pipes  for  space  technology,  was  used  for  diffusion  bonding  of  further  components 
such  as  titanium/steel  connections  for  TV-satellites.  Superplastically  fortned/diffusion  bonded  titanium  components,  as  well  as 
different  material  combinations  will  be  used  to  an  increasing  extent  for  civil  and  military  aircraft  in  the  future.  In  this  context, 
examples  are  given  from  civil  and  military  programs.  Comments  are  made  on  materials  and  materials  combinations.  Costs  are 
compared  with  costs  for  components  manufactured  by  conventional  methods.  Trends  in  the  USA  show  that  in  the  future 
increasing  emphasis  will  be  laid  on  the  joining  of  semi-finished  products  having  quasi-final  contours  such  as  titanium  castings 
and  powder-metallurgical  parts  by,  for  example,  diffusion  bonding  in  order  to  cut  the  structural  costs  in  airframe  construction 
drastically.  Author 

Category  code:  37  (mechanical  engineering).  Controlled  terms:  ’AEROSPACE  ENGINEERING  /’AIRCRAFT 
STRUCTURES  /’COST  EFFECTIVENESS  /’DIFFUSION  WELDING  /’MECHANICAL  PROPERTIES  /’POWDER 
METALLURGY  /•  STRUCTURAL  DESIGN/AIRFRAMES  /  ALLOYS/CIVIL  AVIATION/HEAT  PIPES  / 

61-0228  METADEX  Issue  8704 

Aluminium— Lithium  Alloys  for  Aerospace. 

Peel,  C.  J.;  McDarmaid,  D.  S.  Materials  in  Aerospace.  The  First  International  Conference.  Vol.  II;  London,  UK;  2-4  Apr.  1 986; 
The  Royal  Aeronautical  Society;  4  Hamilton  Place,  London  W1V  0BQ,  UK;  1986;  8704-72-0229;  348-372;  in  English 

The  current  situation  in  the  development  of  a  series  of  lightweight  Al— Li  alloys  is  reviewed  by  examining  the  more  critical 
properties  of  the  most  developed  of  the  emerging  alloys.  Appropriate  data  for  alloys  2090,  2091,  8090  and  8091  are 
considered  in  three  main  categories,  damage  tolerant,  medium  strength  and  high  strength.  Particular  emphasis  is  placed  on 
problem  areas,  such  as  the  achievement  of  high  toughness  in  the  damage  tolerant  conditions  and  on  obtaining  extra  strength  in 
sheet  and  forgings,  where  nucleation  of  precipitation  is  difficult.  Recent  corrosion  and  fatigue  results  are  reviewed  together 
with  some  studies  of  the  properties  of  sheet  8090  after  superplastic  forming.  1 0  ref.— AA 

Category:  61.  Controlled  Terms:  Aeronautical  engineering/ Aluminum  base  alloys  /  Alloy  development/Lithium/ 
Alloying  eiements/Damage/Tensile  properties/Corrosion  resistance/Superplasnc  forming.  Alloys:  2090/2091/8090/ 
8091/AL. 

61-0209  METADEX  Issue  8704 

Superphutk  Forming  and  Diffusion  Bonding  ofTkaaium. 

Stephen.  D.  Designing  With  Titanium;  Bristol,  UK;  7-9  July  1 986;  The  Institute  of  Metals;  1  Carlton  House  Terrace,  London 
SWI Y  5DB,  UK;  1986;  8704-72-0223;  108-124;  in  English 

The  processes  of  superplasdc  forming  (SPF)  and  diffusion  bonding  (DB)  are  becoming  widely  accepted  within  the 
airframe  manufacturing  business  as  processes  which  have  a  potential  to  save  weight  and  cost  in  the  manufacture  of  a  range  of 
airframe  structures.  Because  of  its  inherent  superplasdc  and  diffusion  bonding  properties,  coupled  with  its  attractive  strength 
and  corrosion  properties,  the  major  activities  in  this  field  have  been  focussed  on  the  use  of  the  Ti— 6A1— 4V  alloy.  British 
Aerospace  he  a  considerable  background  in  the  development  of  these  processes  and  has  now  a  wide  experience  in  the  design 
and  manufacture  of  production  components.  This  note  draws  upon  this  experience  in  discussing  the  advantages  that  can  result. 
6  ref.— AA 
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Category:  61.  Controlled  Terms:  Airframes/Fabrication/Titanium  base  alloys  /  Fabrication  /  Superplastic  forming/ 
Diffusion  welding.  Alloys:  Ti-6A\-4V/Tl 

87N 1 0994  NASA  STAR  Conference  Paper  Issue  02 

International  Conference  —  Superplasticity  in  Aerospace  Aluminium 

(AA)BROAD,  K.  S.  (AA)comp.  British  Aerospace  Aircraft  Group,  Bristol  (England).  (BX274903)  Advanced  Manufacturing 
Research  Dept.  BAE-S85/AMR/0066;  ETN-86-97945  850723  p.  1 2  Conference  held  in  Bedford,  England,  12-15  Jul.  1 985 
In:  EN  (English)  Avail:  Issuing  Activity  p.  1 84 

The  use  of  superplastic  aluminum  in  aerospace  was  discussed.  Superplastic  forming  to  produce  cost  effective  lightweight 
pans  was  considered.  Limitations  from  microstructural  fractures  and  resultant  properties  were  covered,  particularly  the 
problem  of  cavitation.  Special  processing  techniques  and  the  evolution  of  alloys  to  overcome  limitations  were  treated.  ESA 

Category  code:  26  (metallic  materials).  Controlled  terms:  ‘AEROSPACE  ENGINEERING  /‘AIRCRAFT 
CONSTRUCTION  MATERIALS  /*  ALUMINUM  /‘SPACECRAFT  CONSTRUCTION  MATERIALS  / 
‘SUPERPLASTICITY/CAVITATION  FLOW/COST  EFFECTIVENESS  /  MICROSTRUCTURE/PRODUCTION 
ENGINEERING/TECHNOLOGY  UTILIZATION/WEIGHT  REDUCTION  / 

62-0008  METADEX  Issue  8701 

Materials  for  Aerospace. 

Steinberg,  M.  A.  Sci.  Am.  Oct.  1 986;  255,  (4);  66-72;  ISSN  0036-8733;  in  English 

New  developments  in  materials  and  materials  processing  are  giving  aerospace  component  designers  a  wider  range  of 
selection.  Advanced  materials  currently  in  use  include  a  variety  of  metal-and  plastic-matrix  composites  (Al  matrix,  Ti  matrix, 
graphite/epoxy,  graphite/polyimide,  C/C),  improved  Al  alloys  and  ceramics,  rigid-rod  polymers,  and  high-strength  steels. 
Promising  new  alloy  and  component  fabrication  methods  include  rapid-solidification  technology,  superplastic  forming, 
diffusion  bonding,  and  net  shape  fabrication.  The  Office  of  Science  and  Technology  (OST)  recently  submitted  a  program 
outlining  desirable  material  characteristics  for  the  aerospace  industry  that  are  expected  to  be  achieved  by  the  year  2000.  The 
program  calls  for  increased  fuel  efficiency  through  weight  reduction  made  possible  by  expected  developments  in  ceramics, 
Al— Li  alloys,  and  advanced  composites.— G.P.K. 

Category:  62.  Controlled  Terms:  Aluminum  base  alloys/Composite  materials  /  Titanium  base  alloys/Composite 
materials/Fiber  composites/Mechanical  properties/ Aircraft  components/Materials  selection/Aerospace  engines  /  Materials 
selection/Strength  to  weight  ratio 

46-00 1 5  METADEX  Issue  870 1 

Advanced  Metals. 

Rear.  B.  H.  Sci.  Am.  Oct.  1 986;  225.  (4);  1 58- 167;  ISSN  0036-8733;  in  English 

Recent  developments  in  advanced  metals,  with  emphasis  on  aerospace  applications,  are  reviewed.  Metals  considered 
include  Ni-and  cobalt-based  superalloys,  titanium  aluminide  intermetallics,  and  Ti-based  alloys.  Advanced  fabrication 
procedures  include  directional  solidification,  superplastic  forming,  mechanical  alloying,  and  rapid  solidification.  The 
micromechanisms  responsible  for  the  ability  of  advanced  metals  to  resist  deformation  better  than  conventional  metals  are 
described.— G.P.K. 

Category:  46.  Controlled  Terms:  Nickel  base  alloys/ Alloy  development/Cobalt  base  alloys/Alloy  development/ 
Intermetallics/Alloy  development/Titanium  base  alloys/Alloy  development/Aerospace  engines/Materials  selection  / 
Aircraft  components/Materials  selection/Turbine  blades/Materials  selection 

3 1  -0442  METADEX  Issue  870 1 

Superplasticity  in  Aluminium  Alloys. 

Baba,  Y.;  Yoshida,  H.  J.  Jpn.  Soc.  Technol.  Plast.  Mar.  1 986;  27,  (302);  333-338;  ISSN  0038- 1 586;  in  Japanese 

The  Lloyd  conditions  for  superplasticity  in  aluminium  alloys  are  discussed.  Properties  of  Al— Zn  eutectic  alloys,  AIZnCa 
co-crystallisation  alloy,  AlCu  and  AlMg(e.g.  Supral  100),  AIZnMgCu  (7075, 7475),  AlLi  and  aluminium  SiC  composites  are 
compared  and  discussed.  Uses  of  superplastic  alloys  are  exemplified  by  7475  as  in  single  part  formation  for  aerospace  use. 
Problems  discussed  are  cavity  formation,  hot  processing  strain  and  welding.  3 1  ref.— M.O. 

Category:  31.  Controlled  Terms:  Aluminum  base  alloys/Mechanical  properties  /  Superplasticity/Superplastic  forming/ 
Aircraft  components/Weldability.  Alloys:  Al-78Zn/ZN/7475/8090/Supral  220/20w4/Neopral/AL  /  AI-5Zn-5Ca/Supral 
100/7075/AL 


3 1  -0303  METADEX  Issue  870 1 

Effect  of  Iron  on  Superplastic  Al— Li  Alloys. 

Navrotski,  G.;  Ward,  B.  R.  Aluminum  Alloys:  Their  Physical  and  Mechanical  Properties.  Vol.  II;  Charlottesville,  Virginia, 
USA;  15-20  June  1986;  Engineering  Materials  Advisory  Services  Ltd.;  339  Halesowen  Rd.,  Cradley  Heath,  Warley,  W. 
Midlands  B64  6PH,  UK ;  1986;  8701-72-0043;  1285-1299;  in  English 

In  principle,  sizeable  reductions  in  weight  of  aerospace  components  can  be  accomplished  by  superplastically  forming 
them  from  lighter  weight,  higher  modulus  Al— Li  alloys.  An  investigation  into  the  effect  of  Fe  and  Cd  on  the  superplastic 
properties  of  an  Al— 2.6Cu— 2.4Li— 0.2Zr  alloy  is  reported.  When  tested  at  a  constant  true  strain-rate,  the  Fe  and  Cd  free 
alloys  performed  better  than  the  Fe  (0.07%)  or  Cd  (0.05%)  containing  alloys.  Under  conditions  of  constant  crosshead  speed 
testing,  however,  the  formability  of  the  alloys  reversed.  Information  on  the  flow  stress,  strain-rate  sensitivity  value,  elongation 
to  failure,  true  stress— strain  relationships,  microstructures  and  variance  of  m  is  presented.  20  ref.— AA 

Category:  31.  Controlled  Terms:  Aluminum  base  alloys/Mechanical  properties  /  Superplasticity /Alloying  effects/iron/ 
Alloying  additive/Cadmium  /  Alloying  additive/Stress  strain  curves/Lithium/Alloying  elements  /  Aircraft 
Components/Materials  selection.  Alloys:  AI-2.6Cu-2.4Li-0.2Zr  /  AI-2.6Cu-2.42Li-0.19Zr-0.02Fe/AI-2.62Cu-2.42Li- 
0.20Zr-0.07Fe  /  Al-2.47Cu-2.4 1  Li-0.20Zr-0.0 1  Fe-0.05Cd/AL  /  AI-2.7Cu-2.46Li-0. 1 8Zr-0.07Fe-0.05Cd/AL 

861 1-104917  Compendex 

ADVANCED  TECHNOLOGY  ALUMINUM  MATERIALS  FOR  AEROSPACE  APPLICATIONS 

Pritchett.  T.  R.  Kaiser  Aluminum  &  Chemical  Corp,  Pleasanton.  CA,  USA.  Light  Met  Age  v  44  n  7-8  Aug  1986  p  10-14 
Coden:  LMAGA  ISSN:  0024-3345  In  ENGLISH  Refs:  100  refs.  Doc.  Type:  JOURNAL  ARTICLE  Treatment  Des.: 
Applications  HISTORICAL 

New  materials  developed  by  the  aluminum  industry  to  combat  high  fuel  costs  and  the  inroads  of  composites  include 
rapidly  solidified  (atomized,  melt  spun,  strip  or  roller  quenched)  alloys,  light  weight  Al-Li  alloys  and  composites  (metal  matrix, 
resin/polymer  laminates).  Limited  improvements  in  performance  of  conventional  alloys  continue  to  be  made  by  impurity 
control,  minor  element  additions,  and  better  heat  treatment  and  thermomechanical  working  practices.  New  manufacturing 
techniques  such  as  superplastic  forming  of  complex  shapes,  precision  die  forging  and  one-piece  non-critical  casting  are  also 
being  used  to  reduce  the  weight  and  cost  of  some  components 

Card-A-Lert  Codes:  541  (Aluminum  and  Alloys)/652  (Aircraft)/655  (Spacecraft)  /  415  (Metals,  Plastics.  Wood  and 
Other  Structural  Materials)/542  (Beryllium,  Magnesium,  Titanium  and  Other  Light  Metals  and  Alloys)/549  (Nonferrous 
Metals  and  Alloys  in  General)/Controlled  Terms:  (’ALUMINUM  AND  ALLOYS  —  ‘Aerospace  Applications)/) 
AEROSPACE  VEHICLES  -  Materials)/( AIRCRAFT  MATERIALS  -  Light  Metals)/(  ALUMINUM  LITHIUM 
ALLOYS  —  Aerospace  Applications)  /  Uncontrolled  Terms:  RAPID  SOLIDIFCATION 

8611-116165  Compendex 

SUPERPLASTIC  FORMING  AND  DIFFUSION  BONDING  OF  TITANIUM  ALLOYS 

Ghosh,  A.  K.;  Hamilton,  C.  H.  Rockwell  Int  Science  Cent,  Thousand  Oaks.  CA,  USA.  Def  Sci  J  v  36  n  2  Apr  1 986  p  1 53- 1 77 
Coden:  DSJOA  ISSN:  001 1-748X  In  ENGLISH  Refs:  fs.  Doc.  Type:  JOURNAL  ARTICLE  Treatment  Des.:  Applications 
GENERAL  REVIEW 

Among  the  high  strength  materials  of  interest  in  the  aerospace  industry,  titanium  holds  a  position  of  foremost  importance. 
It  is  a  powerful  element  for  construction  of  space  vehicles,  and  commercial  and  military  aircrafts.  Since  corrosion  has  proved  to 
be  an  expensive  factor  in  aircraft  maintenance,  titanium  is  a  highly  desirable  material  in  the  fabrication  of  key  aircraft  structural 
components.  New  and  advanced  fabrication  methods  for  titanium  components  are  emerging  today  to  replace  age-old 
fabrication  processes  and  reduce  component  cost.  Superplastic  forming  and  diffusion  bonding  are  two  such  advanced 
fabrication  technologies  which  when  applied  individually  or  in  combination  can  provide  significant  cost  and  weight  benefits 
and  a  rather  broad  manufacturing  technology  base.  This  paper  briefly  reviews  the  state  of  understanding  of  the  science  and 
technology  of  superplastic  forming  of  titanium  alloys,  and  their  diffusion  bonding  capability.  Emphasis  has  been  placed  on  the 
metallurgy  of  superplastic  flow  in  two  phase  titanium  alloys,  the  microstructural  and  external  factors  which  influence  this 
behavior.  (Edited  author  abstract)  36 

Card-A-Lert  Codes:  542  (Beryllium,  Magnesium,  Titanium  and  Other  Light  Metals  and  Alloys)/535  (Rolling,  Forging 
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86A46826  NASA  IAA  Meeting  Paper  Issue  22 

Rapidly  solidified  powder  aluminum  alloys 

Proceedings  of  the  Symposium,  Philadelphia,  PA,  April  4,  5,  1984  (AA)FINE,  M.  E.;  (AB)STARKE,  E.  A.,  JR.  (AA)ED.; 
(AB)ED.  (AAXNorthwestem  University,  Evanston,  IL);  (ABXVirginia,  University,  Charlottesville).  Symposium  sponsored 
by  A  STM  Philadelphia,  PA,  American  Society  for  Testing  and  Materials  (ASTM  Special  Technical  Publication,  No.  890), 
1986,  552  p.  For  individual  items  see  A86-46827  to  A86-46849.  860000  p.  552  In:  EN  (English)  Members,  S51.20; 
nonmembers,  $64  p.O 


B-25 


Topics  discussed  include  the  need  for  rapidly  solidified  PM  Al  alloy  development  for  aerospace  and  land  vehicle 
applications,  the  solidification  theory,  and  stereological  characterization  of  porous  microstructures.  Papers  treating  the 
characterization  of  rapidly  solidified  materials,  rapid  solidification  of  highly  undercooled  Al  powders,  AI3Li  precipitate 
modification  in  an  Al-Li-Zr  alloy,  hardening  mechanism  in  rapidly  solidified  Al-8Fe  alloy,  the  fabrication  of  high-strength  PM 
extrusions,  hypereutectic  Al-based  alloys,  the  properties  of  Al  alloys  with  8-12  wt  pet  Fe  and  Al-Li-Be  alloys,  the 
microstructure  of  supercooled  submicrometer  Al-Cu  alloy  powder,  and  the  influence  of  hydrogen  on  the  ductility  of  709 1  and 
7090  PM  alloys.  Attention  is  given  to  PM  processing  of  Al  alloy  7091,  dynamic  compaction  of  rapidly  solidified  Al  alloy 
powders,  the  effects  of  alloy  chemistry  on  superplastic  forming  of  rapid  solidification-processed  Al-Li  alloys, 
thermomechanical  treatment  of  2 1 24  PM  Al  alloys,  and  a  method  for  degassing  evaluation  of  Al  PM  alloys.  Studies  concerned 
with  high  strength  PM  alloys,  a  technique  for  assessing  the  corrosion  properties  of  Al  PM  alloys,  the  development  of 
dispersion-strengthened  Al  alloys,  the  microstructure/ mechanical  property  relationships  for  thermal  treatments  of  Al-Cu-Mg- 
X  PM  Al  alloys,  PM  and  IM  Al  alloy  forgings,  the  annealing  behavior  and  tensile  properties  of  elevated-temperature  PM  Al 
alloys,  the  effect  of  compositional  changes  on  the  microstructure  and  properties  of  rapidly  solidified  AI3-Li  alloys  and  the  use 
of  rapid  solidification  for  the  development  of  2XXX  alloys.  I.F. 
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86A4Q25 1  NASA  IAA  Meeting  Paper  Issue  19 

Aluminium-lithium  alloys  III;  Proceedings  of  the  Third  International  Aluminium-Lithium  Conference,  Oxford  University. 
England.  July  8-11,1 985 

(AA)BAKER,  C.;  (AB)GREGSON,  P.  J.;  (AC)HARRIS.  S.  J„  (AD)PEEL,  C.  J.  (AA)ED.,  (AB)ED.;  (AC)ED .,  (AD)ED. 
(AA)(Alcan  International,  Ltd..  Banbury.  England);  ( AB)(Southampton.  University.  England);  (AC)(Nottingham  University. 
England);  (ADXRoyal  Aircraft  Establishment,  Farnborough.  England) 

Conference  organized  and  sponsored  by  the  Institute  of  Metals.  London.  Institute  of  Metals.  1 986, 640  p.  For  individual 
items  see  A86-40252  to  A86-403 15.  860000  p.  640  In:  EN  (English)  Members.  $63.20;  nonmembers.  $79  p.2760 

The  papers  presented  in  this  volume  focus  on  the  fundamental  metallurgy,  production  and  processing  aspects,  and 
aerospace  applications  of  Al-Li  alloys.  Emphasis  is  placed  on  mechanical  properties  and  fabrication  parameters  in  comparison 
with  the  existing  aerospace  alloys  as  well  as  requirements  and  specific  applications  of  the  alloys  in  airframes  and  engines  in 
fixed-wing  aircraft  and  helicopters.  Papers  are  included  on  the  production  of  aluminum-lithium  alloys  with  high  specific 
properties,  fatigue  crack  propagation  in  mechanically  alloyed  Al-Li-Mg  alloys,  superplastic  aluminum-lithium  alloys, 
fundamental  aspects  of  hardening  in  Al-Li  and  Al-Li-Cu  alloys,  and  mechanical  properties  of  Al-Li-Zn-Mg  alloys.  V.L. 

Category  code:  26  (metallic  materials).  Controlled  terms:  ‘ALUMINUM  ALLOYS  /‘CONFERENCES  /‘LITHIUM 
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86A3 1 475  NASA  IAA  Meeting  Paper  Issue  1 3 

Materials  and  processes;  Proceedings  of  the  Fifth  Technology  Conference.  Montreux.  Switzerland,  June  12-14,  1984. 
Volumes  1&2 

Conference  sponsored  by  the  Society  for  the  Advancement  of  Material  and  Process  Engineering.  Geneva.  Switzerland,  Society 
for  the  Advancement  of  Material  and  Process  Engineering,  1985.  Vol.  1.  185  p.;  vol.  2.  191  p.  No  individual  items  are 
abstracted  in  these  volumes.  850000  p.  376  In:  EN  (English)  Price  of  two  volumes,  $51  p.  1 8 1 2 

The  present  conference  on  advanced  aerospace  materials  gives  attention  to  high  performance  thermoplastic  matrix 
composites  and  their  manufacturing  techniques,  the  filament  winding  of  complex  components,  the  mechanized  manufacture  of 
FRP  components  for  aircraft  secondary  structures,  a  novel  high  strain-to-failure  prepreg.the  manufacture  of  accurate  glass  and 
carbon  fiber  preforms  for  resin  injection,  a  helicopter  composite  tail  unit,  Al-Li  alloys,  the  durability  of  Arall.  the  potential 
weight  savings  obtainable  in  future  transport  aircraft  through  the  use  of  advanced  materials,  superplastically  formed  Ti  and  Al 
alloys  for  aerospace  applications,  and  assembly  bonding  with  room  temperature-curing  adhesives.  Also  discussed  are  novel 
composite  systems  for  use  in  primary  aircraft  structures,  accelerated  moisture  absorption  in  carbon-epoxy,  the  thermoanalytic 
characterization  of  matrix  resins  and  composites,  the  definition  of  microstructures  in  hybrid  reinforced  plastics,  ceramic 
components  for  automotive  powerplanfs,  Kevlar-reinforced  automotive  components,  metallized  textile  fabrics  and  their 
applications,  and  the  role  of  S-2  glass  fibers  in  advanced  composites.  O.C. 
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86A31 309  NASA  1AA  Journal  Article  Issue  1 3 

Superplastic  AFCu-Li-Mg-2>  alloys 

(AA)WADSWORTH.  J.;  (AB)LEWIS.  R.  E.;  (AC)PELTON,  A.  R.  (ABXLockheed  Research  Laboralones.  Palo  Alto,  C'A); 
(ACXDOE,  Ames  Laboratory,  IA).  F336 1 5-78-C-5203  Metallurgical  T ransactions  A  —  Physical  Metallurgy  and  Materials 
Science  (ISSN  0360-2 1 33),  vol.  16A,  Dec.  1 985,  p.  23 1 9-2332.  Research  supported  by  the  Lockheed  Independent  Research 
and  Development  Program.  851200  p.  14  refs  52  In:  EN  (English)  p.  1 826 

The  Al-Cu-Li-Mg-Zr  alloys  in  which  superplastic  properties  have  been  developed  have  been  manufactured  by  both  ingot 
and  powder  metallurgy  methods.  After  conventional  manufacturing,  the  alloys  are  not  superplastic  but  rather  require  further 
thermomechanical  processing.  Attention  is  given  to  the  microstructural  changes  that  occur  during  this  processing  as  functions 
of  temperature,  strain  rate,  and  processing  history.  Room  temperature  properties  in  the  solution-treated  and  peak-aged 
condition  are  noted  for  all  the  alloys  and  compared  with  those  of  non-Li  admixture  superplastic  alloys,  giving  emphasis  to 
properties  of  interest  in  aerospace  applications,  such  as  specific  modulus,  specific  strength,  and  a  buckling  failure  criterion. 
O.C. 


Category  code:  26  (metallic  materials).  Controlled  terms:  ‘ALUMINUM  ALLOYS  /‘COPPER  ALLOYS  /‘HIGH 
STRENGTH  ALLOYS  /•  LITHIUM  ALLOYS  /‘POWDER  METALLURGY  /‘SUPERPI.ASTICITY/CHEMICAL 
COMPOSITION/ELECTRON  MICROSCOPY/INGOTS  /  MAGNESIUM  ALLOYS/SOLIDIFICATION/ 
SPACECRAFT  STRUCTURES/THERMOMECHANICAL  TREATMENT/ZIRCONIUM  ALLOYS  / 

61-0527  METADEX  Issue  8609 

Materials  and  Manufacturing  in  Aerospace. 

Clementson.  A.  ME— Proceedings  of  the  Second  Conference  on  Materials  Engineering;  London.  UK:  5-7  Nov.  1985: 
Mechanical  Engineering  Publications;  P.O.  Box  24.  Northgate  Avenue.  Bury  St  Edmunds.  Suffolk  IP32  6BW.  UK;  1985; 
8609-72-0367;  189-194;  in  English 

In  1 979  British  Aerospace  embarked  on  major  development  initiatives  in  new  materials  for  airframes.  An  important  aim 
was  to  achieve  a  close  collaboration  between  production  and  design  interests.  Three  key  areas  were  selected;  carbon  fibre, 
titanium  superplastic  forming  and  diffusion  bonding,  and  advanced  aluminium  alloys.  The  programmes  are  outlined  and 
contrasted  with  reference  to  the  process  of  introducing  new  materials  and  manufacturing  processes  — AA 

Category:  61.  Controlled  Terms:  Airframes/ Alloy  development/Aluminum  base  alloys/Carbon  fibers/ Materials 
selection/Titanium  base  alloys 

55-1902  METADEX  Issue  8609 

Quick  Take-Off  for  SPFDB  Titanium  Fabrication. 

Weld.  Met.  Fabr.  Mar.  1 985;  53.  (2);  48-49;  ISSN  0043-2245;  in  English 

After  three  years,  superplastic  forming  and  diffusion  bonding  (SPFDB)  techniques  are  being  used  successfully  by  the 
British  Aerospace  process.  The  process  is  described  and  includes  silk  screening  a  bond  inhibitor,  diffusion  bonding  at  940  deg 
C,  and  inflating  with  inert  gas  for  three-dimensional  parts.  Expansion  in  civil,  military,  and  missile  industries  is  described  for  the 
process  and  several  parts  are  pictured.  Cost  savings  are  described  for  many  parts.— J.CJ. 

Category:  55.  Controlled  Terms:  Aircraft  components/Blow  molding/Diffusion  welding/Superplastic  forming/Titanium 
base  alloys/Welding 

31-3368  METADEX  Issue  8609 

Structural  Materials  in  Aeronautics:  Prospects  and  Perspectives.  II. 

Pope,  G.  G.  Aerospace  (London)  May-June  1986;  13,(5);  22-30;  ISSN  0001-933X;  in  English 

AL— Li  alloys  for  aeronautics  applications  are  being  studied  in  three  grades— medium  strength,  high  strength  and  fatigue 
resistant.  A  composition  has  been  found  which  meets  the  medium  strength  requirements  and  a  plant  built  to  produce  slabs  and 
billets  up  to  3000  kg.  Advantages  of  Li-containing  alloys  over  conventional  metallic  materials  and  CFRP  are  indicated.  Rapid 
solidification  methods  for  AI  alloys  are  being  investigated.  Al— Cr— Fe  alloys  with  5-9%  Cr  and0.6-3%  Fe  have  been  produced 
by  evaporation— condensation  and  have  considerably  improved  tensile  properties  over  precipitation  hardening  systems.  Al— 
Cr— Fe  is  very  thermally  stable  and  corrosion  resistant.  Potential  of  7000  series  Al  alloys  for  superplastic  forming  is  being 
studied.  Materials  for  gas  turbine  blades  are  discussed.  Consideration  is  given  to  unidircctionally  solidified  and  single  crystal 
materials;  advanced  ceramics  such  as  Si— Al— 0— N  and  carbon  fibres  in  C  matrix;  coatings  to  provide  oxidation-and  thermal 
resistance;  lightweight  high-strength  materials;  and  Ti-and  Ni-based  disc  alloys.  24  ref  — E  J.S. 

Category:  31.  Controlled  Terms:  Aerospace  engines/ Airframes/ Aluminum  base  alloys/Fatiguc  (materials)/Fiber 
composites/Materials  substitution  /  Mechanical  properties/Stiffness/Tensile  strength/Titanium  base  alloys  /  Weight 
reduction.  Alloys:  XXXA/XXXB/70 1  0/2024/CM00  1  - 1  C/ALATi-6 AI-4V  /  IMI550/IM1679/IMI685/IMI829/IMIEX 
834ZTI 


52- 1 239  METADEX  Issue  8608 

Aluminum— Titanium  Alloy.  Lighter  Construction  Materials  by  Superplastic  Forming. 

Ind.- Anz.  28  Jan.  1 986;  1 08,  (8);  1 9;  ISSN  00 1 9-9036;  in  German 


B-27 


The  use  of  Ti— 6 Al— 4V  for  aircraft  and  aerospace  structural  parts  can  reduce  weight  by  7- 1 0%.  To  use  Ti  as  a  substitute 
for  At,  superplastic  forming  and  diffusion  welding  are  used  in  fabrication.  As  applied  by  British  Aerospace,  a  6  m  high 
hydraulic  press  is  used  which  can  apply  a  force  of  5000  MN  to  a  1 .8  x  1 .2  m  press  table.  Cold  shapes  are  preheated  in  a  furnace, 
removed  to  the  press  and  handled  by  robots,  and  hot-formed.  Consideration  of  the  use  of  AI  alloys  (Al— Li)  in  automobile 
manufacture  indicates  their  cost  to  be  an  undeniable  disadvantage  relative  to  steel  and  plastics.— B.L. 

Category:  52.  Controlled  Terms:  Aircraft  components/ Aluminum  base  alloys  /  Metal  working/Press  forming/ 
Superplastic  forming/Titanium  base  alloys 

31-3135  METADEX  Issue  8608 
Developments  in  Sheet  Metal. 

Pearce,  R  Sheet  Met.  Ind.  Apr.  1986;  63,  (4);  188,  190,  192;  ISSN  0037-3435;  in  English 

New  materials  and  processes  in  sheet  metals  are  reviewed.  Strengthening  of  steel  while  maintaining  formability  can  be 
achieved  by  solid-solution,  grain  size  refinement,  precipitation,  dislocation  structure  and  transformation  product  methods. 
Some  properties  of  new  steels  are  tabulated.  A  new  superplastic  Al— Li— Cu— Mg  alloy  has  been  developed  for  the  aerospace 
industry,  with  10%  weight  saving  and  increase  in  elastic  modulus,  which  does  not  cavitate  and  can  be  diffusion  bonded.  The 
large  increase  in  ductiity  and  elongation  resulting  from  superplastic  forming  is  explained.  The  method  is  used  b>  ^upcrform 
Metals  Ltd.  for  Al— Cu— Zr  (2004)  and  Al— Cu— Zr— Mg— Si  (Supral  100,  220  and  5000).  and  in  USA  for  Al— Cu— Mg— 
Ni— Fe  alloys,  e.g.  7475.  Shape  memory  behaviour  in  which  martensitic  transformation  is  reversible  over  a  small  temperature 
range  aoccurs  in  the  Cu— Zn  system,  the  temperature  varying  as  Si,  Al,  Ga,  Sn  etc.  are  added.  Applications  include  hydraulic 
control  line  couplers  on  USN  fighters.  5  ref— M.G.deM. 

Category:  3 1 .  Controlled  Terms:  Aluminum  base  alloys/Carbon  steels  /  Formability/High  strength  steels/Mechanical 
properties/Metal  working  /  Shape  memory  alloys/Sheet  metal/Superplastic  forming/Titanium  base  alloys  Alloys:  2004/ 
Supral  100/7475/Supral  220/Supral  5000/AL/Ti-6AI-4V  /TI/CRl/CR2/SCL/350HS/400HS/SAHS/Ni-50Ti/NI/TI 

3 1  -3028  METADEX  Issue  8608 

Superplastic  Aluminum— Lithium  Alloys. 

Henshall,  C.  A.;  Nieh,  T.  G.;  Wadsworth,  J.  Aluminium— Lithium  Alloys  III;  Oxford,  UK;  8-1 1  July  1985;  The  Institute  of 
Metals;  l  Carlton  House  Terrace.  London  SW  1 Y  5DB,  UK;  1 986;  8608-72-03 1 2;  1 99-2 1 2;  in  English 

Superplasticity  is  now  an  accepted  manufacturing  technique  for  Ti-,  Ni-and  Al-based  alloys.  Recent  work  at  Lockheed 
Palo  Alto  Research  Laboratory  has  led  to  the  development  of  superplasticity  in  a  number  of  novel  Al— Li-based  alloys 
manufactured  by  ingot  metallurgy  and  powder  (rapid  solidification)  metallurgy  techniques.  These  alloys  are  of  considerable 
current  interest  in  the  aerospace  and  aircraft  industries  because  lithium  improves  the  modulus  and  decreases  the  density  of 
aluminum.  Considerations  of  design  of  Al— Li  alloys  for  superplastic  properties  are  discussed  and  the  interactions  of 
compositional  requirements  with  thermomechanical  processing  are  described.  The  superplastic  properties  of  a  range  of  Al— Li 
alloys  are  presented  and  a  detailed  comparison  with  AI-7475  alloy  and  commercial  Al— Cu— Zr  based  alloys  is  made.  The 
ultrafine  microstructures  of  the  Al— Li  alloys  are  illustrated  and  the  interrelationship  of  these  microstructures  with  the  high 
strain  rates  at  which  supcrplasticity  is  found  on  the  alloys  is  highlighted.  Phenomenological  equations  for  superplastic  flow  have 
been  developed  for  several  of  the  alloys.  Finally,  room  temp,  properties  of  the  alloys  are  presented  and  a  comparison  is  made 
with  other  superplastic  Al-base  alloys.  1 5  ref.— A  A 

Category:  3 1 .  Controlled  Terms:  Alloying  elements/Aluminum  base  alloys  /  Lithium/Materials  substitution/Mechanical 
properties/Superplasticity.  Alloys:  AI-3Li-0.5Zr/AI-4Cu-3Li-0.5Zr/ Al-3Cu-2Li- 1  Mg-0.2Zr  /  AI-2.5Li- 1 .5Cu- 1  Mg-0. 1  Zr/ 
AL/Al-2.5Cu-2.2Li-0. 1  Zr/ AI-2.5  Li- 1 . 1  Cu-0.7Mg-0. 1 4Zr/Al-2.2Cu-2. 1  Li-0.8Mg-0. 1 6Zr/Al-4Cu-2Li-0. 1 5Zr-0.04Cd  / 
AI-2.6Cu-2.4Li-0.2Zr/AL 

61-0394  METADEX  Issue  8607 

Forming  of  Stiffened  Panels. 

Beezley-Long,  P.  W.;  Irwin,  D.  J.;  Mansbridge,  M.  H.;  Norton,  J.  British  Aerospace,  21  Nov.  1985;  3  May  1985;  in  English. 
Patent  no:  EP0I6 1892;  EUR 

A  method  is  disclosed  of  forming  a  stiffened  panel  from  first  and  second  metal  sheets,  at  least  the  first  sheet  being  capable 
of  both  superplastic  deformation  and  diffusion  bonding,  and  also  provided  with  at  least  one  control  region  of  different 
thickness  compared  with  other  regions  of  the  sheet.  The  method  includes  the  steps  of:  (i)  attaching  the  sheets  together  at  a  series 
of  attachment  lines  across  their  faces,  the  attachment  lines  and  the  control  region  or  regions  being  in  predetermined 
relationship  with  one  another,  placing  the  attached  sheets  in  a  mould  and  heating  to  within  that  temperature  range  within  which 
superplastic  deformation  and  diffusion  bonding  takes  place;  (ii)  urging  those  areas  of  the  first  sheet  between  the  attachment 
lines  away  from  the  second  sheet  by  a  common  differential  pressure  at  a  rate  within  that  range  of  strain  rates  at  which 
superplastic  deformation  occurs  to  form  a  series  of  cavities  between  the  two  sheets  such  that  peripheral  parts  of  those  areas 
urged  away  from  the  second  sheet  form  side  walls  of  neighbouring  cavities  and  become  diffusion  bonded  together  to  provide 
internal  stiffeners  of  the  finished  panel;  (iii)  the  control  region  or  regions  effecting  local  modification  of  the  rate  of  superplastic 
deformation  such  that  the  internal  stiffeners  adopt  a  desired  configuration  and  location. 


Category:  61.  Controlled  Terms:  Diffusion  welding/Fabricalion/Holes/Panels  /  Stiffening/Strain  rate/Superplastic 
forming 

86A22 1 28  NASA  IAA  Meeting  Paper  Issue  08 

Evolution  of  Aircraft 

Aerospace  Structures  and  Materials  Symposium,  Dayton,  OH,  April  24,  25,  1185.  Proceedings.Symposium  sponsored  by 
AIAA.  Dayton,  OH,  American  Institute  of  Aeronautics  and  Astronautics, !  985, 1 37  p.  For  individual  items  see  A86-22 1 29  to 
A86-221 44. 850000  p.  1 37  In:  EN  (English)  $25  p.O 

Various  papers  on  the  evolution  of  aircraft  and  aerospace  structures  and  materials  are  presented.  The  topics  addressed 
include:  XB-70  structures  and  materials  advances,  structural  evolution  from  B-58  to  F-16,  advanced  composites  in 
construction  of  the  Beech  Starship,  structural  and  material  considerations  for  advanced  fighters,  the  evolution  of  reciprocating 
engines  at  Lycoming,  aircraft  design  from  the  myth  of  make-do  to  Mach  3,  and  the  Wright  Brothers'  experience  in  the  evolution 
of  aircraft  design,  structures  and  materials.  Also  considered  are:  evolution  of  the  turbofan  aircraft  engine,  X-15  high- 
temperature  advanced  structure,  X-20  structures  overview,  ASSET  program  for  technology  development,  Shuttle  Orbiter 
airframe,  airframe  design  to  achieve  minimum  cost,  superplastically  formed-diffusion  bonded  titanium  technology  transition 
case  study,  transition  of  advanced  materials  and  structures  in  single  crystal  blades,  and  composites  technology  transfer  and 
transition.  CD. 

Category  code:  01  (aeronautics).  Controlled  terms:  ’AIRCRAFT  CONSTRUCTION  MATERIALS  /’AIRCRAFT 
STRUCTURES  /*  CONFERENCES  /*SPACECRAFT  CONSTRUCTION  MATERIALS  /’SPACECRAFT 
STRUCTURES/AEROSPACE  TECHNOLOGY  TRANSFER/ AIRCRAFT  DESIGN/AIRCRAFT  ENGINES/ 
AIRFRAMES/COMMERCIAL  AIRCRAFT/COMPOSITE  MATERIALS/COMPOSITE  STRUCTURES/DIFFUSION 
WELDING/FIGHTER  AIRCRAFT/SPACE  SHUTTLE  ORBITERS/SUPERPLASTICITY/WINGS/X- 1 5 
AIRCRAFT/X-29  AIRCRAFT  / 

8602-8972  Compendex 

Flexible  and  Cost-Efficient  Stamping  or  Small  Batches  of  Body  Paris  FLEXIBLE  UND  KOSTENGUENSTIGE 
FERTIGUNG  VON  KLEINSERIEN IM  KAROSSERIEBAU 

Richards,  John  D.;Sawle,  Rodger.  AutomobiltechZv  87  n  7-8  Jul- Aug  1 985  p  359-36 1  Coden:  AUTZA  ISSN:  0001 -2785  In 
GERMAN.  Doc.  Type:  JOURNAL  ARTICLE 

Stampings  made  from  aluminum  sheet  using  the  superplastic  method  offer  advantages  whenever  complex  shapes  have  to 
be  manufactured  in  small  quantities.  Using  the  superplastic  aluminum  alloys  available  today,  nearly  all  requirements  regarding 
the  mechanical  characteristics  and  stability  of  body  parts  can  be  fulfilled.  The  advantages  of  this  manufacturing  method  lie  in 
low  tooling  costs  involved  and  the  fact  that  the  dies  used  are  subjected  to  only  slight  mechanical  stress.  These  advantages  are 
helping  make  superplastic  stampings  better  known  in  areas  outside  aerospace,  where  they  had  already  proven  their  worth  over 
the  years.  One  of  these  newer  ajeas  is  automobile  manufacturing,  where  interesting  potential  is  opening  up  for  use  of  this 
method  in  prototypes,  small  batches,  customized  versions  or  similar  applications.  This  report  from  Superform  Metals  of 
Worcester  Ltd. .  England,  shows  that  extensive  experience  has  been  gained  in  manufacturing  parts  for  aircraft  and  automobile 
bodies.  (Author  abstract)  In  German 

Card-A-Lert  Codes:  535  (Rolling,  Forging  and  Forming)/541  (Aluminum  and  Alloys)/4 1 5  (Metals,  Plastics.  Wood  and 
Other  Structural  Materials)/662  (Automobiles  and  Smaller  Vehicles)/652  (Aircraft)/Controlled  Terms:  (’ALUMINUM 
SHEET  -  *Forming)/(MET AL  FORMING  -  Stamping  )/AUTOMOBILE  MATERIALS/ AIRCRAFT  MATERIALS/ 
Uncontrolled  Terms:  SUPERPLASTIC  STAMPINGS  /  SUPERPLASTIC  METHOD 

86A20037#  NASA  IAA  Journal  Article  Issue  07 

Research  on  high-strength  aerospace  aluminum  alloys 

(AA)STAI  EY,  J.  T.  (AAXAIuminum  Company  of  America,  Alloy  Technology  Div.,  Pittsburgh,  PA).  (CASI,  Annual  General 
Meeting,  31st,  Ottawa.  Canada,  May  28, 1984)  Canadian  Aeronautics  and  Space  Journal  (ISSN  0008-2821).  vol.  31,  March 
1 985,  p.  1 4-29. 850300  p.  1 6  refs  1 9  In:  EN  (English)  p.  1 024 

The  utilization  of  aluminum  alloys  in  airframe  designs  is  discussed.  The  present  aim  in  aircraft  design  is  to  save  weight  by 
decreasing  density  and  increasing  strength  while  maintaining  corrosion  resistance  and  increasing  toughness,  modulus,  and 
fatigue  resistance.  Aluminum-lithium  alloys  and  wrought  powder  metallurgy  alloys  are  currently  being  studied  for  aircraft 
structures.  Wrought  powder  metallurgy  alloys  have  30  percent  higher  strength  than  conventional  alloys  with  improved 
toughness  and  corrosion.  The  application  of  dispersion  hardened  alloys  for  temperatures  in  the  range  350-600  F  and  wrought 
powder  metallurgy  alloys  for  aircraft  wheels  is  described.  The  fabrication  and  fatigue  testing  of  the  wrought  powder  metallurgy 
alloys  are  analyzed.  The  development  of  cost  effective,  lightweight,  and  resistant  aircraft  structures  from  metal  matrix 
composites,  aramid  aluminum  laminates,  and  superplastic  7475  is  being  investigated.  I.F. 

Category  code:  26  (metallic  materials).  Controlled  terms:  ’AIRCRAFT  DESIGN  /’AIRFRAME  MATERIALS  / 
•ALUMINUM  ALLOYS  /’  HIGH  STRENGTH  ALLOYS/COST  EFFECTIVENESS/FRACTURE  STRENGTH/HEAT 
RESISTANT  ALLOYS/LITHIUM  ALLOYS  /  METAL  MATRIX  COMPOSITES/POWDER  METALLURGY  / 


B-29 


86 A 14474#  NASA  IAA  Preprint  Issue  03 

Metals  and  plastics  —  State  of  the  art  and  perspectives 
Metaux  et  plastiques  —  Etat  actuel  et  perspectives 

(AA)BRANDT,  J.;  (AB)KELLERER.  H.;  (AC)WINKLER.  P.  (ACXMesserschmitt-Boelkow-Blohm  GmbH.  Ouobrunn. 
West  Germany).  MBB-Z-49-85-OE  Association  Aeronautique  et  Astronautique  de  France.  Journee  des  Pionniers 
Europeens.  Paris.  France.  Apr.  25.  1985.  Paper.  35  p.  In  French.  850400  p.  35  In:  FR  (French)  p.280 

Progress  and  expected  advances  in  metals  and  plastics  for  aerospace  usage,  especially  aircraft  primary  structures,  are 
discussed.  Metals,  mostly  A1  and  Ti  alloys,  are  still  the  preferred  materials,  and  are  expected  to  be  enhanced  to  have  lower 
densities  and  display  greater  fracture  resistance  in  the  future.  The  advances  will  be  achieved  with  new  additives  to  the  alloys, 
powder  metallurgy,  and  superplastic  forming.  Meta)  matrix  composites  are  also  under  investigation,  as  are  fiber-reinforced 
plastics  (FRPs).  the  latter  being  more  developed  and  cheaper  to  produce  than  the  metal  counterparts.  Kevlar  and  carbon  fiber 
reinforcements  are  the  most  promising  reinforcements;  however,  matrix  materials  have  yet  to  reach  reliability  levels  which 
would  permit  flight -certification  of  FRPs  for  primary  structures.  M.S.K. 

Category*  code:  27  (nonmetallic  materials).  Controlled  terms:  ‘AIRCRAFT  CONSTRUCTION  MATERIALS 
‘ALUMINUM  ALLOYS  /‘METAL  MATRIX  COMPOSITES  /‘REINFORCED  PLASTICS  ‘TECHNOLOGY 
ASSESSMENT  ‘TITANIUM  ALLOYS 'AEROSPACE  ENGINEERING  CARBON  FIBER  REINFORCED 
PLASTICS  FIBER  REINFORCED  COMPOSITES/KEVLAR  (TRADEMARK)/POWDER  METALLURGY 
SUPERPLASTICITY  /  TECHNOLOGICAL  FORECASTING  / 

86N 1 1247*#  NASA  STAR  Conference  Paper  Issue  02 

Advances  in  joining  techniques  used  in  development  of  SPF/DB  titanium  sandwich  reinforced  with  metal  matrices 

(AA)FISCHLER,  J.  E.  Douglas  Aircraft  Co..  Inc..  Long  Beach.  Calif.  (D 1957 175).  In  NASA.  Langley  Research  Center 
Welding.  Bonding  and  Fastening,  1 984  p  297-322  (SEE  N86- 1 1 227  02-23)  850900  p.  26  In:  EN  (English)  Avail.:  NTIS  HC 
A21/MFA01  p.202 

Three  and  four-sheet  expanded  titanium  sandwich  sheets  have  been  developed  at  Douglas  Aircraft  Company,  a  division 
of  McDonnell  Douglas  Corporation,  under  contract  to  NASA  Langley  Research  Center.  In  these  contracts,  spot  welding  and 
roll  seam  welding  are  used  to  join  the  core  sheets.  These  core  sheets  are  expanded  to  the  face  sheets  and  diffusion  bonded  to 
form  various  type  cells.  The  advantages  of  various  cell  shapes  and  the  design  parameters  for  optimizing  the  wing  and  fuselage 
concepts  are  discussed  versus  the  complexity  of  the  pot  weld  pattern.  In  addition,  metal  matrix  composites  of  fibers  in  an 
aluminum  matrix  encapsulated  in  a  titanium  sheath  are  aluminum  brazed  successfully  to  the  titanium  sandwich  face  sheets.  The 
strength  and  crack  growth  rate  of  the  superplastic-formed  /diffusion  bonded  (SPF/DB)  titanium  sandwich  with  and  without  the 
metal  matrix  composites  are  described.  Author 

Category  code:  37  (mechanical  engineering).  Controlled  terms:  ‘ALUMINUM  /‘COMPOSITE  STRUCTURES 
‘CRACK  PROPAGATION  /*  DIFFUSION  WELDING  /‘FIBER  COMPOSITES  /‘HONEYCOMB  CORES  /‘METAL 
MATRIX  COMPOSITES  /‘SANDWICH  STRUCTURES  /‘SHEATHS  /‘SPOT  WELDS  /‘STRUCTURAL  MEMBERS 
/*  SUPERPLASTICITY  /*THIN  PLATES  /TITANIUM  ALLOYS  /‘WING  PANELS/AEROSPACE  INDUSTRY/ 
MECHANICAL  PROPERTIES  /  SPACECRAFT  CONSTRUCTION  MATERIALS  / 

86N 1 1 245*#  NASA  STAR  Conference  Paper  Issue  02 

Evaluation  of  superplastic  forming  and  weld-brazing  for  fabrication  of  titanium  compression  panels 

(AA)ROYSTER,  D.  M.;  (AB)BALES,  T.  T.;  (AC)DAVIS,  R.  C.  National  Aeronautics  and  Space  Administration.  Langley 
Research  Center.  Hampton.  Va.  (ND2 10491 ).  In  its  Welding.  Bonding  and  Fastening,  1 984  p  253-270  (SEE  N86- 1 J  227  02- 
23)  850900  p.  16  refs  0  In:  EN  (English)  Avail.:  NTIS  HC  A2 1/MF  A0 1  p.202 

The  two  titanium  processing  procedures,  superplastic  forming  and  weld  brazing,  are  successfully  combined  to  fabricate 
titanium  skin  stiffened  structural  panels.  Stiffeners  with  complex  shapes  are  superplastically  formed  using  simple  tooling.  These 
stiffeners  are  formed  to  the  desired  configuration  and  required  no  additional  sizing  or  shaping  following  removal  from  the 
mold.  The  weld  brazing  process  by  which  the  stiffeners  are  attached  to  the  skins  utilize  spot  welds  to  maintain  alignment  and  no 
additional  tooling  is  required  for  brazing.  The  superplastic  formed/weld  brazed  panels  having  complex  shaped  stiffeners 
develop  up  to  60  percent  higher  buckling  strengths  than  panels  with  conventional  shaped  stiffeners.  The  superplastic  forming/ 
weld  brazing  process  is  successfully  scaled  up  to  fabricate  full  size  panels  having  multiple  stiffeners.  The  superplastic 
forming/weld  brazing  process  is  also  successfully  refined  to  show  its  potential  for  fabricating  multiple  stiffener  compression 
panels  employing  unique  stiffener  configurations  for  improved  structural  efficiency.  Author 

Category  code:  37  (mechanical  engineering).  Controlled  terms:  ‘AEROSPACE  INDUSTRY  /‘BRAZING  / 
‘COMPRESSION  LOADS  /*  DIFFUSION  WELDING  /‘FABRICATION  /‘FLOW  MEASUREMENT 
/‘REINFORCEMENT  (STRUCTURES)  /‘SKIN  (STRUCTURAL  MEMBER)  /‘STIFFENING  /‘SUPERPLASTICITY 
/TENSILE  STRENGTH  /*  TITANIUM  ALLOYS  /‘WEBS  (SUPPORTS)  /  MECHANICAL  PROPERTIES/PLASTIC 
FLOW/SPACECRAFT  CONSTRUCTION  MATERIALS  / 

8601-265  Compendex 
SUPERPLASTIC  AI-Ctt-LMVfg-Zr  ALLOYS 

Wadsworth,  J.;  Pelton,  A.  R.;  Lewis,  R.  E.  Lockheed  Palo  Alto  Research  Lab,  Palo  Alto,  CA.  USA.  Metall  Trans  A  v  1 6A  n  1 2 
Dec  1985  p  2319-2332  Coden:  MTTAB  ISSN:  0360-2133  In  ENGLISH  Refs:  fs.  Doc.  Type:  JOURNAL  ARTICLE 
Treatment  Des.:  EXPERIMENTAL 


B-30 


Superplastic  properties  have  been  developed  in  Al-Cu-Li-Mg-Zr  alloys.  The  alloys  have  low  Zr  levels  (<— 0. 2  wt  pet)  and 
are  experimental  compositions  originally  designed  as  low-density,  high-modulus,  and  high  strength  alloys  for  room 
temperature  aerospace  structural  applications.  The  alloys  have  been  manufactured  both  by  an  ingot  metallurgy  and  a  powder 
metallurgy  (PM)  route  involving  rapid  solidification.  After  manufacturing,  the  alloys  are  not  superplastic  but  require  further 
thermomechanical  processing.  The  microstructural  changes  that  occur  are  described.  Superplastic  properties  have  been 
evaluated  as  a  function  of  temperature,  strain  rate,  and  processing  history.  (Edited  author  abstract)  52 
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Applications  of  Titanium  and  Titanium  Alloys. 

Farthing,  T.  W.  Titanium— Science  and  Technology.  Vol.  I;  Munich,  FRG;  10-14  Sept.  1984:  Deutsche  Gesellschaft  fur 
Metallkunde;  Adenauerallee  21,  D-6370  Oberursel  l.FRG  ;  1985;  8602-72-0069;  39-54;  in  English 

Improvements  in  high  temp,  creep  resistant  alloys  and  development  of  fabrication  techniques  such  as  superplastic 
forming  and  diffusion  bonding  have  led  to  increased  use  of  Ti  in  th  aerospace  industry.  Examples  of  this  discussed  include  the 
Rolls  Royce  wide  chord  fan  blade  made  from  IMI  3 1 8,  engine  fan  discs  and  blades  from  6A1— 4 V,  alpha— beta  alloys  for  low 
temp,  operation,  Ti-6242  high  pressure  compressor  discs,  high  temp,  creep  resistant  alloys  operating  up  to  600  deg  C.  Ti 
aluminides  in  the  U.S.,  use  of  pure  Ti  in  airframes,  complex  high  stress  structures  such  as  the  Panavia  Tornado  wing  box.  fine¬ 
grained  alpha— beta  alloys  such  as  Ti— 6AI— 4  V  for  complex  components,  and  attempts  to  improve  powder  metallurgy  parts. 
Consideration  is  given  to  general  industrial  applications,  including  heat  exchangers,  surgical  implants,  electrochemistry,  and 
consumer  products.— EJ.S. 
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Lewis,  R.  E.;  Pelton,  A.  R.;  Wadsworth,  J.  Metall.  Trans.  A  Dec.  1 985;  1 6A.  ( 1 2);  23 1 9-2332;  ISSN  0360-2 1 33;  in  English 

Superplastic  properties  have  been  developed  in  Al— Cu— Li— Mg— Zr  alloys  (Al— 3Cu— 2Li—  I  Mg— 0.2Zr.  Al— 3Cu— 
2Li— lMg— 0.15Zr,  Al— 2.5Li— l.SCu— lMg— 0-  IZr).  The  alloys  have  low  Zr  levels  (<—  0.2  wt.%)  and  are  experimental 
compositions  that  were  originally  designed  as  low-density,  high-modulus,  and  high  strength  alloys  for  room  temp.,  aerospace 
structural  applications.  The  alloys  have  been  manufactured  both  by  an  ingot  metallurgy  (IM)  route  and  apowder  metallurgy 
(PM)  route  involving  rapid  solidification  processing.  Afterconventional  manufa  during,  the  alloys  are  not  superplastic  but 
require  furtherthermomechanical  pr  ocessing.  The  microstructural  changes  that  occur  during  thisprocessing  are  des  cribed. 
Superplastic  properties  have  been  evaluated  as  afunction  of  temp  .,  strain  rate,  and  processing  history.  Prior 
tothermomechanical  pr  ocessing,  the  alloys  have  elevated-temp,  ductilities  of 100-200%,  strain  r  ate  sensitivities  of  approx 
0.25,  and  activation  energiescorresponding  to  1  attice  diffusion.  After  thermomechanical  processing,  thealloys  have  ductil  ities 
of  500-1000%,  strain  rate  sensitivities  of  approx  0.4,and  activation  ener  gies  corresponding  to  grain  boundary  diffusion.  In 
addition.room  temp,  propert  ies  have  been  measured  in  the  solution-treated  and  peak  aged(T6)  condition  for  all  the  alloys  and 
comparison  is  made  with  other  commercial. non- Li  containing,  superplastic  alloys.  Particular  emphasis  is  placed  onproperties 
of  inte  rest  in  aerospace  applications  such  as  specific  modulus, specific  strength,  a  nd  a  buckling  failure  criterion.  52  ref  — AA 
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51-59  Coden.  AUEGB  ISSN:  0097-71 IX  In  ENGLISH.  Doc.  Type:  JOURNAL  ARTICLE  Treatment  Des.:  Applications 
THEORETICAL 

The  article  discusses  and  compares  the  uses  of  aluminum  and  titanium  in  automotive  and  aerospace  applications. 
Metallurgaical,  corrosion  resistance,  formability,  and  cost  consideration  are  mentioned 
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PRODUCTION  PROGRESS  WITH  SUPERPLASTIC  FORMING  AND  DIFFUSION  BONDING  AT  BRITISH 
AEROSPACE 

Anon.  British  Aerospace  pic.  London.  Engl.  Aircr  Eng  v  56  n  12  Dec  1984  p  5-6  Coden:  AIENA  ISSN:  0002-2667  In 
ENGLISH.  Doc.  Type:  JOURNAL  ARTICLE  Treatment  Des.:  Applications 

British  Aerospace  is  pushing  ahead  with  more  production  applications  and  further  development  of  the  superplastic 
forming  and  diffusion  bonding  (SPF/DB)  titanium  fabrication  technique.  This  is  in  the  wake  of  excellent  results  in  series 
production  of  Airbus  A3 10  wing  components  using  this  new  method  which  gives  major  savings  in  weight  and  manufacturing 
cost.  C  onfidence  in  the  technical  feasibility  of  applying  the  technique  to  manufacture  of  a  wide  range  of  complex  structural 
aerospace  components  had  led  BAe  to  embark  upon  a  multi-million  pound  SPF  DB  introduciton  program.  By  the  end  of  1 984 
the  anticipated  output  of  SPF  and  SPF'DB  production  components  within  BAe  is  expected  to  reach  5  tons-  yr 
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C Characteristics  and  applications  of  superplastic  materials  for  aeronautics 

EIGENSCHAFTEN  UND  ANWENDUNGEN  SUPERPLASTISC  HER  WERKSTOFFE  FUER  DIE  Ll'FT-UND 
RAUMFAHRT 

(AA)WINKLER,  P.  J.  Messerschmitt-Boclkow-Blohm  G.m.h.H..  Ottohrunn  (West  Germany).  (MT620643)  Hauptabteilung 
Metalle.  MBB-BB-565  84-0  In  its  Res.  and  Develop.  Tech.  Sei.  Repts.  1 9X4  p  53-60  (SEE  N85-27724  1 6-8 1 )  840000  p  8 
refs  0  In:  GM  (German)  Avail:  Issuing  Activity  p.2873 

Characteristics  and  applications  of  superplastic  metallic  materials  are  discussed.  The  technical  requirements  for 
superplastic  materials  and  the  composition  of  technically  important  superplastic  alloys  are  given  Production  techniques  and 
cconony  of  superplastic  sheet  metal  forming  are  presented.  Aeronautics  and  astronautics  applications  of  aluminum  alloys  with 
average  and  high  strength,  and  titanium  alloys  arc  described.  Author  (ESA) 
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Low  Weight,  Low  Cost  SPFDB  Parts. 

Kellock.  B.  Mach.  Prod.  Eng.  6  Mar.  1985;  143.(3666);  18-20:  ISSN  0024-9 19X;  in  English 

Superplastic  forming  and  diffusion  bonding  on  Ti  are  considered.  British  Aerospace’s  pilot  production  facility  at  Warton 
is  highlighted. —C.M.L.S. 
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Superplastic  behavior  of  aluminum-lithium  alloys 

(AA)WADSWORTH.  J.:  (AB)PALMER,  I.  CL;  (AC)CROOKS.  D.  D.;  (AD)LEWIS.  R.  L.  (AD)( Lockheed  Research 
Laboratories.  Palo  Alto.  CA).  IN.  Aluminum-lithium  alloys  II;  Proceedings  of  the  Second  International  Aluminum-Lithium 
Conference.  Monterey.  CA.  April  12-14,  1983  (A85-27IOI  1 1-26).  Warrendale,  PA.  Metallurgical  Society  of  AIMF.  1984. 
p.  1 1 1  - 1 35.  Research  supported  by  Lockheed  Independent  Research  Funds.  840000  p.  25  In:  EN  (English)  p.O 

Experimental  results  are  presented  on  the  superplastic  behavior  of  two  groups  of  alloys  based  on  the  Al-Li  system.  In  the 
first  group,  additions  of  about  0.5  wt  pet  Zr  were  made  to  ingot  alloys.  In  the  second  group,  a  thermomechanical  processing 
procedure  was  carried  out  on  two  alloys,  one  produced  by  ingot  metallurgy  and  the  other  by  powder  metallurgy.  These  alloys 
had  similar  compositions  and  contained  only  0.15-0.2  wt  pet  Zr.  The  properties  of  the  alloys  are  discussed,  with  emphasis 
placed  on  properties  of  interest  in  aerospace  applications,  such  as  specific  modulus,  specific  strength,  and  a  criterion  for 
buckling  failure.  V.L. 
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Aerospace  technology  development  initially  involved  only  Ti,  primarily  the  6A1— 4V  alloy.  More  recently  Al  alloys  have 
received  considerable  attention.  Until  the  early  part  of  the  present  decade,  production  applications  of  superplasticity  in  the 
aerosace  industry  have  been  sparse.  Even  now  only  an  insignificant  amount  of  the  ultimate  application  potential  of  this  sheet 
metal  forming  technology  is  being  realized.  Added  stimulus  to  the  application  of  superplasticity  was  provided  by  the  invention 
involving  diffusion  bonding,  known  as  SPF/DB.  The  progress  of  this  combined  Ti  fabrication  SPF/DB  process  toward 
commercial  reality  is  considered.  5  ref.— AA 
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Ghosh.  A.  K.  Superplastic  Forming;  Los  Angeles,  California,  USA;  22  Mar.  1 984;  American  Society  for  Metals;  Metals  Park. 
Ohio  44073,  USA;  1985;  8507-72-0310;  23-31;  in  English 

A  brief  review  of  superplasticity  in  a  number  of  Al  alloys  is  presented.  Emphasis  is  placed  on  an  AI— Zn— Mg— Cu  alloy 
(7475),  which  possesses  high  structural  strength  suitable  for  aerospace  applications.  Recent  developments  in 
thermomechanical  processing  have  led  to  significant  superplasticity  in  this  material.  Some  new  aspects  of  microstructural 
changes  and  mechanical  behavior  of  this  material  are  brought  out.  A  short  discussion  on  cavitation  and  its  control  is  also 
presented.  20  ref.— AA 
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Park,  Ohio  44073,  USA;  1985;  8507-72-0310;  13-22;  in  English 

Superplasticity  of  Ti  has  emerged  as  a  viable  manufacturing  process  over  the  past  decade  or  so,  and  is  now  used  to 
fabricate  a  number  of  sheet  metal  components  for  a  range  of  aerospace  systems.  More  than  200  parts  are  in  production  for  a 
number  of  aircraft  and  spacecraft  vehicles.  An  effort  is  made  to  provide  a  broad  overview  of  factors  understood  to  be  important 
in  the  superplasticity  of  a  range  of  Ti  alloys.  Since  the  bulk  of  the  data  are  developed  for  Ti— 6A1— 4V,  this  alloy  forms  the 
primary  basis  for  understanding  of  the  factors  important  in  superplasticity  of  Ti.  However,  available  data  for  other  alloys  will 
guide  the  efforts  to  extrapolate  the  knowledge  of  Ti— Al— 4V  to  a  much  broader  spectrum  of  Ti  alloys.  A  number  of  Ti  alloys 
have  been  evaluated  for  superplastic  behavior,  and  a  summary  of  some  of  these  alloys  and  their  related  superplastic  properties 
is  shown.  26  ref.— AA 
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Research  on  metals  processing  is  being  conducted  at  the  Langley  Research  Center  to  develop  improved  forming  and 
joining  methods  with  the  potential  of  reducing  the  weight  and  cost  of  future  aerospace  structures.  The  approach  followed  is  to 
assess  the  state  of  the  art  for  fabricating  a  given  structural  system,  define  candidate  methods  for  improving  processing,  evaluate 
the  merits  of  each,  fabricate  and  test  subelement  components,  and  then  scale  up  the  process  to  demonstrate  validity.  The 
development  and  the  state  of  the  art  of  weldbrazing,  superplastic  forming  (SPF),  superplastic  forming  and  codiffusion  bonding 
(SPF/DB)  and  superplastic  forming  and  weldbrazing  (SPF/WB)  for  Ti  (Ti— 6A1— 4V)  and  the  SPF  of  Al  (3003,  7475)  are 
reported.  While  the  technology  was  developed  for  aerospace  applications,  potential  uses  are  anticipated  in  the  nonaerospace 
industries.  6  ref— AA 
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Metallurgy  Jan.  1985;  52,(1);  16. 19. 20, 22, 23;  ISSN  0141-8602;  in  English 

The  current  position  and  recent  advances  in  the  production  and  development  programme  for  Superplastic  Forming  and 
Diffusion  Bonding  at  British  Aerospace  are  outlined.  The  significant  advantages  and  potential  of  the  process  within  aerospace 
are  highlighted,  along  with  unique  facilities  employed  and  examples  of  parts  produced  for  both  civil  and  military  aircraft,  as 
well  as  missile  and  satellite  field  — AA 
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85A 16087#  NASA  1AA  Preprint  Issue  05  Technical  and  economical  aspects  in  manufacturing  aviation  and  space 
components  by  using  superplastic  forming  (SPF)  and/or  superplastic  forming/diffusion  bonding  (SPF/DB) 

(AA) BECK,  W.;  (AB)WINKLER,  P.-J.  (AAXMesserschmitt-Boelkow-Blohm  GmbH,  Bremen,  West  Germany); 

( AB) (Messerschmttt-Boelkow-Blohm  GmbH.  Ottobrunn,  West  Germany).  MBB-BB-572-84-OE  Deutsche  Gesellschaft  fuer 
Metallkunde,  Metallurgical  Society  of  AIME,  Akademiia  Nauk  SSSR,  et  al.,  Internationa!  Conference  on  Titanium,  5th, 
Munich.  West  Germany,  Sept.  10-14,  1984,  Paper.  8  p.  840900  p.  8  refs  6  In:  EN  (English)  p.O 

The  development  of  superplastic  forming  processes  used  in  manufacturing  aviation  and  space  components,  has  been 
examined.  Superplastic  forming  (SPF)  and  superplastic  forming/diffusion  bonding  (SPF/DB)  are  carried  out  on  Ti6AJ4V 
annealed  sheet  metals.  The  effect  of  different  process  parameters,  such  as  tooling  and  hot  removal,  on  the  quality  of  different 
components,  is  discussed.  Process  times  can  be  reduced  by  hot  charging,  the  use  of  a  computer-aided  process  control  system, 
and  the  use  of  ceramics.  Related  development  activities  for  SPF  and  SPF/DB  components  have  focused  on  the  selection  of 
suitable  components,  component  redesign  to  suit  SPF  proct  the  definition  of  correct  forming  parameters  and  the  final 
quality  assurance.  M.D. 

Category  code:  37  (mechanical  engineering).  Controlled  terms:  ‘AIRCRAFT  STRUCTURES /‘DESIGN  TO  COST  / 
‘DIFFUSION  WELDING  /*  FORMING  TECHNIQUES  /‘SPACECRAFT  COMPONENTS 
‘SUPERPLASTICITY/ AEROSPACE  ENGINEERING/ HOT  WORKING  /  MISSILE  BODIES/SANDWICH 
STRUCTURES/TITANIUM  ALLOYS  / 

85 A 1561 1  NASA  1 AA  Journal  Article  Issue  04 

A  primer  on  superplasticity  in  natural  formulation 

(AA)ARGYRIS,  J.  H.;  (AB)ST.  DOLTSINIS.  J.  (ABX Stuttgart,  Universitaet.  Stuttgart.  West  Germany).  Computer  Methods 
in  Applied  Mechanics  and  Engineering  (ISSN  0045-7825),  vol.  46,  Sept.  1984.  p.  83-131.  840900  p.  49  refs  21  In:  EN 
(English)  p.O 

A  computer-oriented  review  of  tasks  arising  in  conjunction  with  superplastic  deformation  processes  is  presented. 
Material  behavior  under  superplastic  conditions  is  described,  and  an  attempt  is  made  to  incorporate  the  influence  of  the  rate  of 
deformation  and  of  growing  grain  size  in  the  constitutive  relation.  In  order  to  establish  multiaxial  relations,  the  natural 
approach  to  the  mechanics  of  continua  is  reviewed  and  applied  to  the  motion  of  incompressible  viscous  media  arising  under 
superplastic  conditions.  The  appropriate  multiaxial  consitutive  relations  are  then  established  in  terms  of  the  homogeneously 
defined  natural  stress  and  rate  of  deformation.  Computational  techniques  for  the  analysis  of  slow  viscous  motion  tKcurring  in 
superplastic  deformation  processes  are  considered.  Nonlinear  solution  methods  for  the  velocity  field  are  indicated  and  their 
convergence  characteristics  are  demonstrated.  A  number  of  applications  encompassing  the  bulging  of  circular  membranes  in 
titanium  alloy  and  stainless  steel  are  treated,  and  the  forming  of  an  actual  space  structure  component  in  titanium  is  shown.  C  D. 

Category  code:  26  (metallic  materials).  Controlled  terms:  ‘GRAIN  SIZE  /‘PLASTIC  DEFORMATION  ‘STRAIN 
RATE  /*  SUPERPLAST1CITY  /‘TITANIUM  ALLOYS/AEROSPACE  INDUSTRY/CARTESIAN  COORDINATES 
CONSTITUTIVE  EQUATIONS/FINITE  ELEMENT  METHOD/GALERKIN  METHOD  / 

52-0362  METADEX  Issue  8503 

Problems  Involved  in  the  Numerical  Analysis  of  Plastic  Working  Processes  for  New  Materials. 

Rowe,  G.  W.  Advanced  Technology  of  Plasticity.  Vol.  I  ;Tokyo,  Japan;  1984;  Japan  Society  for  Technology  of  Plasticity;  5-2-5 
Roppongi,  Minato-ku,  Tokyo  106.  Japan;  1984;  8503-72-0109;  27-38;  in  English 

The  present  state  of  knowledge  in  finite-element  analysis  of  plastic  working  is  discussed.  The  two  major  models  of 
viscoelastic  and  elastic/plastic  strain-hardening  are  reviewed.  Examples  are  given  of  the  application  of  FEM  to  forging, 
extrusion  and  compaction,  under  isothermal  conditions  and  also  when  adiabatic  heating  is  included.  The  difficulties  of  coupled 
thermomechanica!  analyses  are  considered.  The  properties  of  some  superplastic  and  aerospace  alloys  (Mo-base  and  austenitic 
stainless  steels)  and  the  newer  ceramics  are  discussed  in  the  context  of  bulk  forming.  It  is  concluded  that  although  these  present 
formidable  problems  for  numerical  analysis,  finite-element  methods  are  in  principle  able  to  deal  with  such  materials,  and  ways 
in  which  they  may  do  so  are  suggested.  58  ref.—AA 

Category:  52.  Controlled  Terms:  Austenitic  stainless  steels/Backward  extrusion  /  Compacting/Forging/ Metal  working,' 
Molybdenum  base  alloys/Numerical  anafysis/Plastic  flow/Strain  hardening 

52-0254  METADEX  Issue  8502 

Properties  and  Applications  of  Superplastic  Materials  for  Air  and  Space  Travel. 

Winkler.  P.-J.  Aluminium  Apr.  1 984;  6  (4);  26 1  -266;  ISSN  0002-6689;  in  German 

Superplastic  alloys  Supra)  220  ( A16Cu-.4Zr),  AiZnMgCu  and  TiAI6V4  have  mechanical  properties  particularly  suitable 
for  aerospace  applications.  Superplastic  forming  is  very  suitable  for  such  uses:  since  the  process  is  highly  economic  for  small  to 
medium  series  of  complicated  parts.  The  deformation  behaviour  of  the  alloys  and  the  forming  technology  are  outlined,  together 
with  examples  of  use.  In  the  case  of  Ti  structures  the  combination  of  superplastic  forming  an  j  diffusion  welding  offers  further 
design  possibilities.  8  ref  — R.H. 


Category:  52.  Controlled  Terms:  Aerospace/ Aluminum  base  alloys/Diffusion  welding/End  uses/Mechanical 
properties/MetaJ  working/Superplastic  forming/Titanium  base  alloys.  Alloys:  AlZnMgCu/2.4377/A15Ca5Zn  / 
AI6Cu0.4Zr/Supral  220/Supral  100/Supral  150/AL/TiA16V4/3.7164/TI 

8412-126898  Compendex 

PROPERTIES  AND  APPLICATIONS  OF  SUPERPLASTIC  MATERIALS  FOR  AEROSPACE 

Winkler,  Peter-J.  Messerschmitt-Boelkow-Blohm  GmbH,  Central  Lab,  Munich.  West  Ger.  Alum  Engl  v  6(1  n  4  Apr  1984  p 
228-232  Coden:  ALENE  In  ENGLISH  Refs:  88  refs 

Superplastic  forming  of  aluminum  and  titanium  sheet  seems  particularly  well  suited  to  aerospace  applications,  since  the 
process  is  especially  economical  for  small  to  medium-sized  production  runs  of  complicated  articles  of  the  type  frequently 
encountered  in  the  aerospace  field.  Nowadays,  superplastic  alloys  such  as  Supral  220  (AlftCuO.  4Zr),  AIZnMgCu  and 
TiAI6V4  are  available,  whose  mechanical  properties  are  suitable  for  use  in  the  aerospace  industries.  Following  a  brief  review  of 
the  deformation  behavior  of  these  alloys  and  the  forming  techniques  involved,  typical  example  applications  are  presented.  With 
titanium  structures,  a  combination  of  superplastic  forming  and  diffusion  welding  offers  additional  design  possibilities. 

Card-A-Lert  Codes:  41 5  (Metals,  Plastics,  Wood  and  Other  Structural  Materials)  / 652  (Aircraft)/54 1  (Aluminum  and 
Alloys)/542  (Beryllium,  Magnesium,  Titanium  and  Other  Light  Metals  and  Alloys)/535  (Rolling,  Forging  and  Forming)  / 
Controlled  Terms:  (‘AIRCRAFT  MATERIALS  -  'Light  Metals)/(LfGHT  METALS  -  Superplasticity)/METAL 
FORMING  / 

84A49555  NASA  IAA  Conference  Proceedings  Issue  24 

Superplastic  forming  —  An  economic  sheet  metal  forming  procedure 
Superptastische  Umformung  -  Ein  wirtsehaftliehes  Blechumformverfahren 

(AA)WINKLER,  P.-J.  (AA)(Messerschmitt-Boelkow-Blohm  GmbH,  Zentrallabor,  Ottobrunn.  West  Germany).  IN:  Sheet- 
metal  forming:  Fundamentals,  technology,  and  materials  (A84-49551  24-37).  Oberursel.  West  Germany,  Deutsche 
Gesselschaft  fuer  Metallkunde,  1 983,  p.  23 1-25 1 .  In  German.  830000  p.  2 1  refs  7  In:  GM  (German)  p.35 1 0 

The  term  ‘superplasticity’  refers  to  the  ability  of  certain  polycrystalline  metallic  materials  to  tolerate,  when  subjected  to 
tensile  stresses,  extremely  high  elongation  without  fracture.  During  the  last  10  or  15  years,  attempts  were  made  to  utilize 
superplasticity  for  industrial  applications.  Superplasticity  makes  it  possible  to  manufacture  structural  components  with  a 
complex  geometry  in  one  operation.  In  the  present  investigation,  it  is  shown  that,  under  certain  conditions,  the  use  of 
superplasticity  can  lead  to  a  reduction  of  material  costs  and  manufacturing  costs.  The  characteristics  of  superplasticity  are 
discussed,  taking  into  account  the  dependence  of  the  yield  stress  on  strain  hardening  and  the  deformation  rate.  Attention  is 
given  to  the  determination  of  the  m  parameter,  the  characteristics  of  superplastic  materials,  the  procedures  used  in  superplastic 
sheet  metal  forming,  economic  considerations,  and  applications  of  superplastic  forming  in  the  aerospace  industry.  These 
applications  are  mainly  based  on  the  use  of  aluminum  alloys  of  medium  and  high  strength,  and  titanium  alloys.  G.R. 

Category  code:  26  (metallic  materials).  Controlled  terms:  'FORMING  TECHNIQUES  /'METAL  SHEETS  / 
'PLASTIC  DEFORMATION  /'  POLYCRYSTALS  /*SUPERPLASTICrTY  /  AEROSPACE  INDUSTRY/ALUMINUM 
ALLOYS/GRAIN  SIZE/MECHANICAL  PROPERTIES  /  TEMPERATURE  DEPENDENCE/TIT ANIUM  ALLOYS  / 

84A4955 1  NASA  IAA  Collected  Work  Issue  24 

Sheet-metal  farming  —  Fundamentals,  technology,  and  materials 
Blechumformung  —  Gnmdlagen,  Technologie,  Werkstofle 

(AA)LANGE,  K.  (AA)ED.  (AAXStuttgart,  Universitaet,  Stuttgart,  West  Germany)  Oberursel,  West  Germany,  Deutsche 
Gesellschaft  fuer  Metallkunde,  1983, 414  p.  In  German.  For  individual  items  see  A84-49552  to  A84-49557. 830000  p.  414 
In:  GM  (German)  p.3554 

The  theoretical  principles  of  deep  drawing  are  considered  along  with  the  deformability  of  aluminum  sheet  material, 
metallurgical  problems  regarding  the  deformability  of  aluminum  materials,  the  importance  of  superplastic  torming  as  an 
economic  sheet  metal  forming  procedure,  and  the  integrated  manufacture  of  large-area  sheet  metal,  taking  into  account 
operations  from  forming  to  contour  finishing.  Attention  is  also  given  to  the  significance  of  an  application  of  strain  analysis  to 
sheet  metal  forming  problems,  the  technological  and  economic  significance  of  hydromechanical  deep  drawing,  the 
employment  of  Computer  Aided  Design  (CAD)  in  the  development  of  an  automobile  model,  the  status  of  the  technology  of 
deep  drawing  and  development  trends,  and  possibilities  and  limitations  in  the  case  of  a  modification  of  material  properties 
related  to  hot-roll-formed  and  cold-rolled-form  steel.  The  forming  of  large  sheet  metal  sections  is  also  discussed,  taking  into 
account  processing  principles  and  examples  related  to  the  aerospace  industry.  G.R. 

Category  code:  37  (mechanical  engineering).  Controlled  terms:  'FORMING  TECHNIQUES  /'METAL  SHEETS/ 
ALUMINUM  ALLOYS/COLD  WORKING/COMPUTER  AIDED  DESIGN/CONTOURS/DEEP 
DRAWING/ELASTIC  BENDING/ELASTIC  DEFORMATION/GRAIN  SIZE/HOT  WORKING/LARGE  SPACE 
S  TRUCTURES/MICROSTRU  CTURE/RESIDU  AL  STRESS  /  SHOT  PEENING/STEELS/SUPERPLASTICITY  / 

46-0204  METADEX  Issue  84 1 2 

Data  Sheet.  Tramp  134  (T1-2.5A1-1 2V-2Sn-«Zr)  High-Strength  Wrought  Alloy. 

Beta  Titanium  Alloys  in  the  1 980's;  Atlanta,  Ga.,  U.S.A.;  8  Mar.  !983;The  Metallurgical  Society/ AIME;  420  Commonwealth 
Dr.,  Warrendale,  Pa  1 5086,  U.S A,;  1 984;  84 1 2-72-0744;  485-487;  in  English 
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Transage  1 34  is  a  high-sirengih  alloy  useful  for  all  wrought  products,  such  as  plate,  bar,  pipe  and  forgings.  Metallurgically 
it  is  a  martensitic  alloy  of  exceptionally  high  hardenability.  Because  of  exceptionally  high  resistance  to  corrosion  and  stress 
corrosion  the  alloy  is  useful  for  nonaerospace  and  aerospace  applications.  Transage  134  has  exceptionally  good  fatigue 
properties.  Due  to  the  occurrence  of  strain-initiated,  stress-induced  transformation  under  conditions  of  high  triaxia!  stress,  it 
has  exceptional  resistance  to  fracture.  A  flow  stress  of  <  70  MPa  at  760  deg  C  and  superplastic  hot  working  characteristics 
qualify  the  alloy  for  net  shape  and  near  net  shape  forgings.  Transage  134  has  excellent  welding  and  welding  age  hardening 
compatibility.— AA 

Category:  46.  Controlled  Terms:  Alloy  development/Fracture  toughness/Modulus  of  elasticity/Stress  corrosion 
cracking/Tensile  properties/Titanium  base  alloys.  Alloys:  Transage  1 34/Ti-2.5AI- 1 2V-2Sn-6Zr/Tl 

84A35618  NASA  IAA  Journal  Article  Issue  16 

Tensile  properties  of  strongly  textured  Ti-6AI-4V  after  superplastic  deformation 

(AA)MCDARMAID,  D.  S.;  (AB)BOWEN,  A.  W.;  (AC)PARTRIDGE,  P.  G.  (AC)(Royal  Aircraft  Establishment,  Materials 
and  Structures  Dept..  Farnborough.  Hants..  England).  Materials  Science  and  Engineering  (ISSN  0025-5416).  vol.  64.  Mav 
1  984,  p.  105-111. 840500  p.  7  refs  18  In:  EN  (English)  p.2302 

An  attractive  manufacturing  process  for  the  production  of  complex  titanium  alloy  aerospace  components  is  based  on  the 
utilization  of  superplastic  forming  (SPF).  Titanium  alloy  components  made  by  SPF  and  a  diffusion  bonding  (DB)  technique  will 
be  typically  approximately  50  percent  cheaper  and  25  percent  lighter  than  conventionally  manufactured  titanium  alloy 
equivalents.  The  present  investigation  was  undertaken  to  determine  the  effect  of  initial  crystallographic  texture  and 
superplastic  strain  on  the  postforming  room  temperature  tensile  properties  of  the  Ti-6AI-4V  alloy.  The  deformation  of 
strongly  textured  Ti-6AI-4V  at  928  C  under  superplastic  conditions  was  found  to  be  anisotropic.  G.R. 

Category  code:  26  (metallic  materials).  Controlled  terms:  'PLASTIC  DEFORMATION  'SUPERPLASTICITY 
*TENSILE  ‘  PROPERTIES  /'TITANIUM  ALLOYS/ALUMINUM  ALLOYS  BARS/CYCLIC 

LOADS/MICROSTRUCTURE/TENSILE  STRENGTH/VANADIUM  ALLOYS  / 

52-1719  METADEX  Issue  8410 

Superplastic  Forming  of  Titanium  and  Aluminum  Alloys  for  Aerospace  Applications. 

Berggreen,  J.;  Winkler.  P  -J.  Materials  and  Processes,  Vol.  1;  Monteux.  Switzerland;  12-14  June  19N4;  Society  for  the 
Advancement  of  Material  and  Process  Engineering;  P.O.  Box  2459.  Azusa.  Calif.  91 722.  U.S.A.;  1984;  8410-72-0649;  Pp  1 1 ; 
in  English 

Several  Al  alloys  (7475.  Supral  100)  and  Ti  alloys  (Ti— 6AI— 4V)  showing  superplastic  properties  are  important  for 
aerospace  application.  This  offers  chances  to  fabricate  complex  shaped  components  in  one  piece  and  one  step.  After  a  short 
review  to  the  metallurgical  basis  of  superplasticity  and  diffusion  bonding  of  these  alloys  the  relevant  processing  parameters  are 
presented.  Parts  from  Ti  and  Al  alloys  are  shown  for  space,  helicopter  and  aircraft  applications.  These  parts  have  been 
designed  to  SPF  and  fabricated.  The  process  (c.g.  oven  or  press)  and  the  manufacturing  process  (c.g.  design  and  material  of  the 
forming  tool)  have  been  optimized  to  cost  and  quality  for  each  type  of  part.  The  state  of  production  is  reported.— AA 

Category:  52.  Controlled  Terms:  Aircraft  components/Aluminum  base  alloys  /  Deep  drawing/Die  forming/Metal 
working/Sheet  metal/Superplastic  forming  /  Titaniumbase  alloys.  Alloys:  7475/Supral  l()0/AL/Ti-6AI-4V/TI 

84A32686  NASA  IAA  Conference  Paper  Issue  14 

Commercial  applications  of  superplastic  sheet  forming 

AA)SAWLE.  R.  (AAXSuperform  Metals.  Ltd..  Worcester,  England).  IN:  Superplastic  forming  of  structural  alloys; 
Proceedings  of  the  Symposium,  San  Diego,  CA,  June  21-24, 1982  ( A84-32676  1 4-26).  Warrendalc,  PA,  Metallurgical  Society 
of  AIME.  1 982.  p.  307-3 1 7.  820000  p.  1 1  In:  EN  (English)  p.20 17 

Commercial  exploitation  of  superplastic  alloys  is  restricted  to  aluminum,  titanium  and  zinc  based  systems.  The  economics 
of  superplastic  sheet  forming  ideally  suit  low  to  medium  volume  production.  A  typical  product  profile  is  discussed  and 
examples  of  market  areas  using  SUPRAL  superplastic  aluminum  are  given.  The  mechanical  properties  of  the  different  alloy 
systems  available  largely  determine  their  end  use.  Author 

Category  code:  26  (metallic  materials).  Controlled  terms:  'ALUMINUM  ALLOYS  'FORMING  TECHNIQUES  / 
•METAL  SHEETS  'METAL  WORKING  /'SUPERPLASTICITY  /'TITANIUM  ALLOYS/AEROSPACE 
INDUSTRY  /MECHANICAL  PROPERTIES/PRODUCT  DEVELOPMENT/ZINC  ALLOYS  / 

84A32685  NASA  IAA  Conference  Paper  Issue  14  Aerospace  applications  of  SPF  and  SPF/DB  (superplastic  forming  with 
concurrent  diffusion  bonding) 

(AA)WILLIAMSON.  J.  R.  (AA)(USAF.  Materials  Laboratory,  Wright -Patterson  AFB,  OH).  IN:  Superplastic  forming  of 
structural  alloys;  Proceedings  of  the  Symposium,  San  Diego,  CA,  June  21-24,  1982  (A84-32676  14-26).  Warrendale,  PA, 
Metallurgical  Society  of  AIME.  1 982,  p.  29 1  -306.  820000  p.  1 6  In:  EN  (English)  p.  1 993 

Development  and  production  applications  typical  of  efforts  to  establish  the  feasibility  of  superplastic  forming  (SPF)  and 
superplastic  forming  with  concurrent  diffusion  bonding  (SPF/DB)  of  titanium  structures  are  reviewed.  The  applications  of  SPF 
and  SPF /DB  in  demonstration  articles  for  manufacturing  methods,  design  data  components,  structural  validation  co  nponents. 
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flight  lest  components,  and  production  hardware  are  investigated.  Typical  cost  savings  of  30-50  percent  and  weight  savings  of 
20-30  percent  were  realized  in  SPF/DB  titanium  structures  such  as  a  B- 1  nacelle  frame,  a  B- 1  auxiliary  power  unit  door,  and  a 
F-14A  wing  glove  vane,  as  well  as  in  a  SPF  YC-17  wing  trailing  edge  flap  slcin.  In  a  comparison  of  the  conventional  F-l  5  aft 
fuselage  structure  and  the  redesign  of  that  structure  for  SPF  and  SPF/DB,  it  is  shown  that  in  the  center-keel  alone,  75  parts  can 
be  reduced  to  four  parts  and  1420  fasteners  to  7 1  fasteners.  The  keel  section  itself  was  77  percent  less  expensive.  J.N. 

Category  code:  01  (aeronautics).  Controlled  terms:  ‘AEROSPACE  INDUSTRY  /‘AIRCRAFT  PRODUCTION  / 
•DIFFUSION  WELDING  /‘FORMING  TECHNIQUES  /‘SUPERPLASTICITY  /‘TITANIUM  ALLOYS/ECONOMIC 
ANALYSIS/FLIGHT  TESTS/PRODUCT  DEVELOPMENT  /  STRUCTURAL  DESIGN/TECHNOLOGICAL 
FORECASTING  / 

84A32676  NASA  IAA  Meeting  Paper  Issue  14 

Superplastic  forming  of  structural  alloys;  Proceedings  of  the  Symposium.  San  Diego,  CA,  June  2 1  -24,  1 082 
(AA)PATON,  N.  E.;  (AB)HAMILTON.  C.  H.  (AA)ED.;  (AB)ED.  (AA)(Rockwell  International  Corp..  Pittsburgh,  PA); 
(ABxRockwell  International  Science  Center,  Thousand  Oaks.  CA).  Symposium  sponsored  by  the  Metallurgical  Society  of 
AIME  and  American  Society  for  Metals.  Warrendale.  PA.  Metallurgical  Society  of  AIME.  1 082, 424  p.  820000  p.  424  In:  EN 
(English)  Members,  S24.;  nonmembers.  S36  p.2016 

Research  on  superplasticity  as  a  low-cost  production  method  for  the  manufacture  of  complex  components  is  presented  in 
terms  of  basic  mechanisms,  superplastic  materials,  superplastic  forming  processes  and  applications,  and  cavitation  in 
superplastic  alloys.  Specific  areas  of  study  include  the  superplastic  behavior  of  metals;  superplasticity  in  titanium-base  alloys, 
high-strength  aluminum  alloys,  and  nickel-base  alloys;  and  superplastic  forming  of  sheet  metal.  Attention  is  also  given  to 
aerospace  applications  of  SPF  and  SPF/DB  and  commercial  applications  of  superplastic  sheet  forming.  For  individual  items 
see  A84-32677  to  A84-32687  J.N. 

Category  code:  26  (metallic  materials).  Controlled  terms:  "CONFERENCES  /‘FORMING  TECHNIQUES  /‘HEAT 
RESISTANT  ALLOYS  /*  HIGH  STRENGTH  ALLOYS  /‘METAL  WORKING  /‘SUPERPLASTICITY/AEROSPACE 
INDUSTRY/AIRCRAFT  STRUCTURES/ ALUMINUM  ALLOYS  /  DESTRUCTIVE  TESTS/GRAIN  BOUNDARIES/ 
MECHANICAL  PROPERTIES/METAL  SHEETS  /  NICKEL  ALLOYS/PLASTIC  FLOW/PRODUCT 
DEVELOPMENT/STRAIN  RATE/TTTANIUM  ALLOYS/ 

6 1  -0639  METADEX  Issue  8409 

Stiffened  Panel. 

Mansbridge,  M.  H.;  Norton,  J.  British  Aerospace.  1 6  May  1 984;  8  Nov.  1 983;  Patent  no:  GB2 1 29340A;  UK 

A  method  of  making  a  stiffened  panel  includes  subjecting  two  metal  sheets,  at  least  one  of  which  is  capable  of  superplastic 
deformation  and  diffusion  bonding,  and  which  are  positioned  face  to  face,  to  a  bonding  and  deforming  process  during  which 
the  sheets  are  joined  to  one  another  at  a  series  of  spaced  joint  lines  across  their  faces.  The  joint  lines  are  interrupted  by  non- 
joined  regions  along  their  lengths  but  are  otherwise  substantially  continuous.  Parts  of  at  least  one  of  the  sheets  between  the  joint 
lines  and  the  non-joined  regions  thereof  are  superplastically  deformed  in  a  mould  to  form  a  series  of  cavities  between  the  two 
sheets.  Portions  of  at  least  one  of  the  sheets  on  respective  sides  of  each  of  the  joint  lines  and  the  non-joined  regions  are  moved  to 
form  sidewalls  of  two  neighbouring  cavities,  these  sidewalls  being  urged  to  lie  adjacent  to  one  another  over  substantial  parts  of 
their  areas,  so  that  they  become  diffusion  bonded,  one  to  another,  to  form  a  common  sidewall  of  neighbouring  cavities.  The 
non-joined  regions  of  the  joint  lines  each  form  a  generally  circular  or  part-circular  aperture  in  each  sidewall  of  a  diameter 
similar  tothe  length  of  the  non-joined  region. 

Category:  61.  Controlled  Terms:  Diffusion  welding/Fabrication/Metal  working  /  Panels/Sheet  metal/Stiffening/ 
Superplastic  forming 

84A30750  NASA  IAA  Journal  Article  Issue  1 3 

Superplastic  behavior  of  a  powder-source  ahiminum-liUiiuun  based  alloy 

(AA)WADSWORTH,  J.;  (AB)PELTON,  A.  R.  (AA)(Lockheed  Research  Laboratories,  Palo  Alto.  CA);  (ABXU.S. 
Department  of  Energy,  Ames  Laboratory,  Ames,  IA).  Scripta  Metallurgies  (ISSN  0036-9748),  vol.  18,  April  1984,  p.  387- 
392.  Research  supported  by  the  Lockheed  Independent  Research  and  Development  Fund.  840400  p.  6  refs  1 5  In:  EN 
(English)  p.1861 

The  development  of  Al-Li  alloys  is  currently  considered  with  great  interest.  This  situation  exists  because  the  addition  of 
lithium  to  aluminum  provides  benefits  of  improved  elastic  modulus  and  decreased  density.  For  these  reasons,  alloys  based  on 
Al-Li  could  offer  significant  weight  savings  in  aircraft  and  other  aerospace  applications  in  comparison  to  designs  employing 
conventional  aluminum  alloys.  Research  and  development  programs  have  mainly  been  concerned  with  alio  y  producibility  and 
ambient  temperature  mechanical  properties.  Starke  and  Sanders  (1983)  and  Wadsworth  et  al.  (1983)  have  now,  however, 
studied  the  formability  of  the  alloys  at  elevated  temperatures.  Mehrabian  ( 1 983)  has  considered  powder  metallurgy  (PM) 
methods  and  the  use  of  Rapid  Solidification  Processing  (RSP).  In  the  present  study,  the  high-temperature  deformation 
characteristics  have  been  determined  for  Al-Li  based  alloys  prepared  by  RSP.  A  description  of  the  deformation  behavior  is 
given  both  for  material  in  the  consolidated  condition  and  for  material  which  has  been  subsequently  thermomechanicaily 
processed.  G.R. 
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Category  code:  26  (metallic  materials).  Controlled  terms:  -ALUMINUM  ALLOYS  /'HIGH  TEMPERATURE  TESTS 
/-LITHIUM  ALLOYS  /-PLASTIC  DEFORMATION  /-POWDER  METALLURGY  /-SUPERPLASTICITY/GRAIN 
BOUNDARIES/SOLIDIFICATION/STRAIN  RATE  /  STRESS-STRAIN  RELATIONSHIPS/STRUCTURAL 
WEIGHT  /  THERMOMECHANICAL  TREATMENT  / 

8404-38255  Compendex 

SUPERPLASTIC  FORMING  AND  DIFFUSION  BONDING 

Anon.  Aircr  Eng  v  55  n  9  Sep  1983  p  22  Coden:  AIENA  ISSN:  0002-2667  In  ENGLISH 

A  purpose-built  superplastic  forming  and  diffusion  bonding  manufacturing  facility  has  been  commissioned  at  the  Hatfield 
Division  of  British  Aerospace  Dynamics  Group.  Components  are  being  made  by  the  superplastic  forming  and  diffusion 
bonding  technique  from  titanium,  and  the  method  is  also  being  developed  for  application  to  the  manufacture  of  items  from 
special  aluminum  and  stainless  steel  alloy  sheet  materials.  The  technique  offers  several  major  advantages  of  which  simplicity 
and  economy  of  manufacture  are  among  the  more  important.  Complex  components  can  be  made  in  one  piece,  in  one  operation, 
leading  to  a  reduction  in  the  number  of  parts  required  and  also  the  elimination  of  subsequent  assembly  operations.  Excellent 
dimensional  accuracy  and  repeatability  of  form  is  achieved 

Card-A-Lert  Codes:  542  (Beryllium,  Magnesium,  Titanium  and  Other  Light  Metals  and  Alloys)/535  (Rolling,  Forging 
and  Forming)/41 5  (Metals,  Plastics,  Wood  and  Other  Structural  Materials)/652  (Aircraft)/Controlled  Terms:  (-TITANIUM 
AND  ALLOYS  —  *Forming)/(AIRCRAFT  MATERIALS  —  Superplasticity)  / 

54-0488  METADEX  Issue  8408 

Emerging  Trends  in  Aerospace  Materials  and  Processes. 

Chandler,  H.  E.  Met.  Prog.  Apr.  1984;  125,(5);  21-29;  ISSN  0026-0665;  in  English 

Current  and  expected  future  trends  in  aerospace  materials  and  processes  are  discussed.  Wrought  Al  is  forecast  to  hold  its' 
position,  but  with  increasing  competition  from  composites  and  Al— Li  alloys.  The  future  for  Al  P/M  applications  looks  hopeful, 
though  commercial  usage  is  not  yet  widespread.  The  use  of  Ti  in  aircraft  structures  is  expected  to  enjoy  a  steady,  if 
unspectacular,  growth.— G.P.K. 

Category:  54.  Controlled  Terms:  Aircraft  components/ Alloying  elements  /  Aluminum  base  alloys/Lithium/Materials 
substitution/Metal  working/Nickel  base  alloys/Powder  metallurgy  parts/Powder  technology/Superalloys  /  Superplastic 
forming.  Alloys:  7075/2024/7090/7091/AL/HP310/SAHS  /  Udimet  720/Udimet  700/Incoloy  903/Incoloy  907/lncoloy 
909/Rene95  /  Hastelloy  X/PWA-1056  /  MERL-76/NI/SP/Ti-10V-2Fe-3AI  /  Ti- 1 5  V-3AI-3Cr-3Sn/TI 

71-0255  METADEX  Issue  8406 
Future  Uses  of  Aluminium  Alloys. 

Woodward,  A.  R.  The  Metallurgy  of  Light  Alloys.;  Loughborough  University,  England;  24-26  Mar.  1 983;  The  Institution  of 
Metallurgists,  P.O.  Box  471, 1  Carlton  House  Terrace,  London  SW1Y  5DB,  England:  1983;  8406-72-0435;  1-8;  in  English 

The  versatility  of  aluminium  and  its  alloys  is  stressed  and  explained  in  terms  of  their  frequent  use  as  a  substitute  material, 
excepting  the  case  of  airframe  construction  where  they  have  been  predominant.  Developments  in  the  systems  Al— Zn— Mg. 
Al— Mg— Si  and  Al— Mg  alloys  in  the  structural,  architectural  and  particularly  the  packaging  field  for  uses  such  as  beverage 
cans  are  described.  The  inability  to  adapt  Al — Cu — Mg— Si  or  Al — Zr— Mg — Cu  alloys  used  for  airframes  and  aerospace 
purposes  to  other  uses  is  explained  by  their  relative  lack  of  weldability.  Some  final  points  are  made  about  formability  of  sheet 
alloys,  the  availability  of  alloys  suitable  for  superplastic  forming  and  a  brief  mention  is  given  of  developments  in  cast 
products.— AA 

Category:  7 1 .  Controlled  Terms:  Aluminum/ Aluminum  base  alloys/Development  /  End  uses 

71-0177  METADEX  Issue  8404 

Titanium. 

Roberts,  W.  T.  Endeavour  1983;  7,  (4);  189-193;  ISSN  0160-9327;  in  English 

Types  and  locations  of  Ti  ores  are  reviewed  and  present  and  potential  routes  for  their  reduction  to  powders  and  granules 
and  the  production  of  ingots,  forgings,  flats,  bars,  rods,  wires,  tubes,  compacts,  and  castings  arc  flow-charted  and  discussed. 
Large-scale  production  of  the  sponge  or  granules  from  TiCI  sub  4  is  currently  carried  out  only  in  the  USSR,  the  USA.  Japan, 
and  the  UK,  with  annual  sponge  capacities  of  40  000,  25  000,  15  000,  and  5000  tonnes,  resp.  The  batch  Kroll  and  Hunter 
processes  for  reducing  the  tetrachloride  are  described  and  outlines  given  of  vacuum  arc  rcmelting  for  the  production  of  sound 
Ti  or  Ti-alloy  ingots  and  press-forging  these  to  a  range  of  semi -fabricated  forms,  the  proportionate  outputs  of  which  are 
specified.  Characteristics  of  the  alpha  ,  beta  ,  and  alpha  +  beta  alloys  are  given  with  ref.  to  microstructural/property 
relationships  of  these  and  of  the  unalloyed  metal.  The  differing  requirements  for  aerospace  and  general  engineering 
applications  are  outlined  with  mention  of  isothermal  forging,  superplastic  forming,  and  diffusion  bonding.  The  mechanism  of 
the  excellent  corrosion  resistance  in  a  wide  range  of  environments  is  also  considered,  together  with  their  exploitation  in  the 
chemical,  paper,  pulp,  textile,  powder,  metallurgical,  and  marine-engineering  industries  and  in  surgical,  desalination,  etc., 
applications.  Illustrations  include  the  creep  behaviours  of  various  Ti  alloys  and  use  of  these  in  aero-engine  and  helicopter 
assemblies.— J.R. 

Category:  7 1 .  Controlled  Terms:  End  uses/Extraction/Productivity/Refining  /  Titanium/Titanium  base  aiioys/Titanium 
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52-0593  METADEX  Issue  8404 

Superplastic  Forming  Makes  Molded  Parts  From  Sheet  Metal  Alloys. 

Hamilton,  C.  H.  Res.  Dev.  Dec.  1983;  25,(12);  72-76;  ISSN  0160-4074;  in  English 

Superplastic  alloys  exhibit  exceptionally  high  tensile  ductility.  They  can  be  stretched  to  elongations  from  300  to  3000%  at 
a  proper  temp,  and  within  a  controlled  strain  rate  range.  There  is  a  substantial  reduction  in  the  flow  stress  of  the  material,  0.5  to 
0.05  of  that  of  a  conventional  alloy.  Fundamental  requirements  for  superplasticity  are  a  fine,  stable  grain  size,  a  deformation 
temp,  that  is  in  excess  of  half  of  the  absolute  melting  point  and  a  carefully  controlled  rate  of  straining.  Two-phase  Ti  alloys  are 
suitable  when  conventionally  processed,  others,  such  as  A1  alloy  7475,  must  be  specially  processed.  Other  superplastic  alloys 
are:  Ni  P/M  IN- 100,  A1  Supral  100  and  08050,  Zn— 22A1  and  Fe  IN744.  SPF  can  be  combined  with  diffusion  bonding  to 
produce  even  more  complex  parts  in  one  operation.  Applications  are  in  the  aerospace  industry  where  major  weight  and  cost 
savings  have  been  realized.— MAY 

Category:  52.  Controlled  Terms:  Aircraft  components/Ferrous  alloys/Metal  working/Nonferrous  alloys/Sheet  metal/ 
Superplastic  forming.  Alloys:  Supral  100/7475/AL/Ti-6AI-4V/TI/Zn-22Al/ZN/IN  100/NI/IN744/FE 

840 1  -85 1 2  Compendex 

FORM-BONDING  TITANIUM  IN  ONE  SHOT 

Vaccari,  John  A.  American  Machinist,  New  York,  NY,  USA.  Am  Mach  v  1 27  n  10  Oct  1 983  p  9 1  -94  Coden:  AMMAA  ISSN: 
0002-9858  In  ENGLISH 

With  the  Ti-6Al-4V  alloy,  superplastic-forming  (SPF)  temperatures  are  amenable  to  the  alloy's  diffusion-bonding  (DB) 
temperatures,  permitting  simultaneous  superplastic  forming  and  diffusion  bonding  (SPF/DB)  of  multisheet  packs  into  truss- 
core  structures.  Although  SPF  characteristics  alone  can  drastically  reduce  the  number  of  individual  parts  required  for  various 
components,  SPF/DB  couples  this  advantage  with  the  structural  benefits  and  cost-effectiveness  of  such  lightweight  sandwich 
structures.  Superplastic  forming  and  simultaneous  superplastic  forming  and  diffusion  bonding  of  Ti-6AI-4V  ..re  catching  on  in 
the  aerospace  industry 

Card-A-Lert  Codes:  542  (Beryllium,  Magnesium,  Titanium  and  Other  Light  Metals  and  Al!oys)/54J  (Aluminum  and 
Alloys)/543  (Chromium,  Manganese,  Molybdenum,  Tantalum,  Tungsten,  Vanadium  and  Alloys)/535  (Rolling.  Forging  and 
Forming)/ 

Controlled  Terms:  (*TITANIUM  ALUMINUM  VANADIUM  ALLOYS  -  *Bonding)/(SHEET  AND  STRIP  METAL 
-  Forming)/U ncontrolled  Terms:  SUPERPLASTIC  FORMING  /  DIFFUSION  BONDING 

52-0290  METADEX  Issue  8402 

Superplaslics  Set  for  Take-Off. 

New  Sci.  8  Sept.  1 983;  99,  ( 1 374);  687;  ISSN  0028-6664;  in  English 

The  superplasticity  of  Ti  at  approx.  950  deg  C  will  be  exploited  at  the  Hatfield  works  of  the  British  Aerospace  Dynamics 
Group  to  effect  diffusion-bonding  for  the  production  of  complex  shapes  without  milling  or  welding.  Moulds  charged  with  Ti 
pieces  will  pass  through  four  main  robot-served  stages,  comprising  loading  and  unloading  before  and  after  heating, 
presentation  to  a  1 50  tonne  press,  and  deposition  in  a  cooling  area,  the  only  subsequent  treatment  being  an  acid  dip  to  remove 
minor  contamination  and  excess  metal.  In  full  operation  the  plant  will  work  automatically,  including  overnight  and  weekend 
periods.  Despite  the  greater  cost  of  Ti  the  shaped  components  will  be  45%  cheaper  than  A1  counterparts  as  well  as  being  up  to 
25%  lighter,  and  can  replace  steel  with  weight  and  cost  savings  of  up  to  45  and  65%,  resp.— AA 

Category:  52.  Controlled  Terms:  Automation/Diffusion  welding/industrial  robots/Materials  substitution/Metal 
wor  king/S  uperplostic  forming  /  Titanium 
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Superplasticity  has  beeirtransormtaffrorn  a  metallurgical  curiosity  to  an  important  production 
process,  particularly  for  low-to-medium  production  runs  of  components  for  the  aerospace 
industry. 

The  whole  spectrum  of  superplasticity  was  originally  covered  in  Lecture  Series  1 54  in  the  autumn 
of  1 987,  but  such  are  the  rapid  advances  in  this  technology,  that  the  series  is  re-presented,  with  the 
same  speakers  updating  their  lectures  to  give  those  attending  the  latest  information  on  this  most 
relevant  technology  and  its  impact  upon  the  manufacture  methods  employed  for  components  for 
aerospace  applications.  VC_s  S'  vlSs.V 
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This  Lecture  Series,  sponsored  by  the  AGARD  Structures  and  Materials  Panel,  has  been 
implemented  by  the  Consultant  and  Exchange  Programme. 

This  material  in  this  publication  was  assembled  to  support  a  Lecture  Series  under  the  sponsorship 
of  the  Structures  and  Materials  Panel  of  AGARD  and  the  Consultant  and  Exchange  Programme 
of  AGARD  presented  on  5—6  October  1989  in  Pratica  di  Mare  (Rome),  Italy,  on  9—10  October 
1989  in  Madrid,  Spain  and  on  12— 13  October  1989  in  Toulouse,  France.  It  consists  of  the 
material  assembled  for  Lecture  Series  1 54  (presented  on  8—9  September  1 987  in  Wright- 
Patterson  AFB,  USA,  24—25  September  1987  in  Luxembourg  and  28—29  September  1987  in 
London,  United  Kingdom)  and  of  addenda  to  papers  5  and  6. 
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